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ABSTRACT

The external combustion of hydrogen to reduce transonic drag has been
investigated. A control volume analysis is developed and indicates that
the specific impulse performance of external burning is competitive with
other forms of airbreathing propulsion and depends on the fuel-air
ratio, freestream Mach number, and the severity of the base drag. A
method'is presented for sizing fuel injectors for a desired fuel-air

ratio in the unconfined stream.

A two-dimensional Euler anal&sis is also. presented which indicates that
the total axial force generated by external burning depends on the total
amount of energy input and is independent of the transverse and
streamwise distribution of heat addition. ﬁood agreement between the
Euler and control volume analysis is demonstrated. Features of %he
inviscid external burning flowfield are discussed. Most notably, a
strong compression forms at the sonic line within the burning stream
which may induce separation of the plume and prevent realization of the

full performance potential.
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An experimental program was conducted in a Mach 1.26 free-jet to
demonstrate drag reduction on a simble expansion ramp geometry, and
’verify hydrogen-air stability 1imits at external burning conditions.
Stable combustion appears feasible to Mach numbers of between 1.4 and 2
depending on the vehicle flight tfajectory. Drag reduction is
demonstrated on the expansion ramp at Mach 1.26, however force levels
showed 1ittle dependence on fuel pressure or altitude in contrast to
control volume analysis predictions. Various facility interference

mechanisms and scaling issues were studied and are discussed.
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CHAPTER 1 - INTRODUCTION

Interest in "transatmospheric” or "aerospace” vehicles has been revived in
the United States following almost two decades of relative fnactivity.
Evolutionary advances in "scramjet” propulsion, materials, and computer
modeling, along with current political support have set the stage for an
aggressive program (the National Aerospace-Plane, or NASP) to deveiop a
revolutionary aircraft capable of flying into orbit following take-off
from a conventional runway. Ready access to space, and very high speed
earth transportation are two of the obvious benefits of this technology.
The single stage to orbit (SSTO) concept is very attractive due to its
operational simplicity, flexibility and its potential for reducing the
cost of putting payload into orbit. The technical challenges facing the
aerospace community are numerous, many of them related to the airbreathing
propulsion system required to achieve orbit in a 'single stage. Liquid
hydrogen fuel is widely accepted as the fuel of choice for hypersonic
airbreathing propulsion due to it’s high heat capacity for engine and
airframe cooling, and a heat of combustion more than twice that of
hydrocarbon fuels. One drawback of hydrogen is its low molecular weight
which results in a large cryobenic volume that must be.higth integrated
with the airframe and propulsion system. An artist’s conception of an
SSTO vehicle appears in figure 1-1 which i1lustrates the highly integrated
nature of the design. The entire aft end of the vehicle acts as a single
expansion ramp nozzle, providing a very high area ratio which is exploited

at the high nozzle pressure ratios associated with high Mach number and




altitude. This large aft-facing area becomes a great 1iability however at
transonic ahd Tow supersonic speeds where low airbreathing engine pressure
ratios result iﬁ a highly overexpandgd nozzle. Since the nozzle exit area
is largely fixed at the vehicle cross-sectional area, the amount of
variable geometnx'that can be employed is a small fraction of that

required to keep the nozzle “on-design' over this spged range.

Single-Stage to Orbit Airbreathing Nozzle Qgérgijgn

A qualitative discussion of ﬁoiile design and operation follows which
illustrates overexpanded operation and the application of external burning
to an SSTO nozzle geometry. -At " hypersonic speeds, with the engine
operating as a supersonic combustjon ramjet or "scramjet", the combustor
exit (nozzle inlet) Maéh number is supersonic and one could envision a
minimum length shock-free design with expansion to freestream ambient
pressure at a given design point. The resulting hypothetical deéign and
associated flowfield appear schematically in figure 1-2a. Note that the
cowl and shear layer of the single expansionvramp nozzle can be thought of
as the symmetry plane of a symmetric'two-dimensionaI nozzle. The nozzle
is perfectly expanded and thé.limiting characteristic in the exhaust flow
emanating from the trailing edge of the cowl intersects ‘the expansion
surface at the trailing edge. Af'this point, the nozzle is peffbrming
optimally, and the freestream Mach number has 1ittle effect on nozzle
performance. In figure 1-2b, the nozzle pressure ratio and freestream

Mach number have been reduced to a point representative of a transonic




3
flight condition wheré_the engine operates as a ramjet withva choked
throat. The portion of the nozzle enclosed by the cowl (referred to as
the internal nozzle) has a significant area ratio and at low nozzle
pressure ratios is itself overexpanded to less than freestream pressure.
Upon leaving the interﬁa1 nozzle, the exhaust stream adjusts to the local
base pressure through the familiar "shock diamond" wave structure. The
Tocal base pressure to which the exhaust flow eventually equalizes, is
lower than freestream due to the fact that the exhaust stream "fills" only
a small part of the large nozzle exit area. Nozzle drag results from
overexpansion in the internal nozzle, and the exhaust stream’s subsequent '
inability to fully recompress to freestream pressure due to the low
overall vehicle base pressure. The transonic nozzle drag probiem can thus
be thought of as similar to any other base drag problem, being complicated
by the fact that the effective base pressure will be a function of the

exhaust stream’s ability to fill the base.

Application of External Burning

Thé nozzle pictured in fig.1-2 is a high Mach number, minimum length
design employing a sharp expansion at the nozzle throat, with a resulting
geometric area ratio in the internal nozzle. In the preceding discussion,
no attempt was made to vary the geometry over the range of opefating
conditions, although one could envision deflecting the trailing edge of
the cowl upwards as shown in figure 1-3 to prevent internal overexpansion

of the exhaust flow. Freestream pressure may be maintained in the




internal nozzle, but would be offset by boattail drag on the deflected
flap. . With respect to the reduced pressure on the deflected cowl
boaftai], the internal nozzle fs underexpanded, so the propulsive stream
expands to the Tocal base pressure through a wave Structure. Ultimately,
thé propulsive stream expands to nearly the same cross-sectional area as
before with the cowl undeflected, so that the overall base pressure in

this region is unchanged. The cowl flap deflection cqncen&\ggﬁ_prevent

1QEffﬂfl_f!ffffﬂiﬂiigﬂ—éﬂg~a]s° reduce the strength of the external wave

structure, but results in no significant net drag reduction.
e

The deflected cowl does however transfer the low pressure region which
existed on the inner expansion surface to the external flap, which makes
the use of external burning an attractive possibility. Shown conceptually
in figure 1-4, hydrogen would be injected upstream of the deflected cowl
and burn adjacent to the nozzle, pressurizing4the entire base region
thereby eliminating cowl flap drag and the external overexpansion of the

exhaust flow.

The effect of external burning on a nozzle of this type at first seems to
" be complicated by detaileq interactions between the freestream, the
external burning plume, and the exhaust flow. The strategy adopted herein
is to consider the deflected flap and exhaust shear layer together as a
surface upon which external burning aﬁts. Obviously, any pressurization
of the shear layer by external burning does not act directly on a vehicle
surface, but must be transmitted through the exhaust stream. ThiS is seen

as a second-order effect though, with regard to the main objective of the
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present work which is to investigate the feasibility of using hydrogen
external burning to reduce transonic drag. If the concept is workable in
the preceeding simplified sense, extension to the actual airbreathing

propulsion system seems straightforward.

viou 'H rk rnal Burni

A review of the literature reveals that work related to this area falls
roughly into two categories, "base burning" and "external burning".
Although both use external, or unconfined combustion to increase pressure
on a surface, important differences exist in the mechanics of the
processes, and the analysis methods used. Base burning is characterized
by  direct fuel injection and combusfion in the wake of a blunt based
aerodynamic body (such as a projectile) to reduce drag. The recirculating
base flow acts as the flameholder, with fuel injection and combustion
modifying the base flow pattern in such a manner as to increase the base
pressure.  The fuel mass addition itself can often account for a
significant part of the total drag reduction. The analysis of base
bufning must 1n;1ude the complex viscous effects which dominate the base
flow phenomena and as a result, integral theories have been'widely used.
The majority of work in base flow phenomena including base injection and
burning is summarized by Murthy, et al.! which includes a bib1iography with
over 350 references. In contrast to base burning where the surface to be
pressurized acts as a flameholder, the present application tends more

toward external burning in which heat is released in the inviscid portion




of the flowfield adjacent to the surface on which the pressure is to be
increased. This process has been proposed to reduce drag, provide control
forces and even provide primary propulsion. ‘E{-12:5-252¥>9351215195,
~ external burning_is primarily an inviscid phenomena, and a number of
theoretical approaches to solving flows with heat addition have been used
such as the diabatic method of characteristics, 1inearized flow with heat
addition, and the "planar heater" where heat addition is confined to a
thin, constant area region. These techniques have been summarized by
Bi11ig® who published an unclassified, unlimited review of theoretical and
experimental external burning work done from 1945 to 1964. Highlights of
experimental work done during this period and subsequently are given in

the following paragraphs.

In 1955, Davis® et. al., at Texaco Experiment Inc. tested hydrogen external
burning on a small flat plate model with various fuel injection and
flameholder configurations including oxygen piloting. The experiments
were conducted in a Mach 1.7, 1.62' diameter free-jet at nominally
standard temperature and pressure. Encouraging results were obtained, but
due to the large flameholders required to stabilize the hydrogen flame
(with respect to the tiny modg]s), no conclusions on performance were

drawn.

A series of external combustion tests at the NACA Lewis Flight Propulsion
Laboratory (now The NASA Lewis Research Center) was also initiated in
1955. Fletcher®, et. al. demonstrated stable combustion of aluminum

borohydride in a small (3.84" by 10") supersonic wind tunnel at sub-
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" ambient pressure and temperature without the use of a flameholder from
Mach 1.5 to 4. The pyrophoric liquid fuel was injected from the 3.84"
wide tunnel ceiling. The effect of combustion on the tunnel ceiling
static pressure distribution was reported in reference 5 as "significant"
which prompted subsequent tests of various aerodynamic shapes including
flat plates, a body of revolution, and a two-dimensional supersonic wing
in 2 1’ by 1’ Mach 2.46 tunnel®®. These tests demonstrated levels of
performance commensurate with theoretical predictions with combuﬁtion
having doubled the L/D of the wing model, and nearly eliminating base drag
on the body of revolution, but results were said to be subject to
"undetermined wind tunnel effects" which were thought to be wave
reflections from the tunnel walls. In order to assess these interference
effects, the flat plate model tests were repeated in the 10’ by 10’
supersonic tunnel at Lewis by Dorsch’ et. al. Results indicated that
significant interference occurrgd only on a long (25" chord) flat plate
model, and much of the data taken during the. small tunnel tests was free

of interference.

Bi11ig%" conducted numerous experiments at Mach 5 on flat plate and wedge
models using pyrophoric aluminum-alkyl fuels including work in support of
an external burning ramjet program'. Stable combustion was attained
without flameholders at Mach 5, but performance in terms of 1ift and
thrust was somewhat Tower than predicted. A composite plot in reference
2 which shows results of many tests, indicates that external burning
performance is generally lower than that predicted by a constant pressure

analysis. - Bil1lig concludes that the process is reaction-rate 1imited and




that lengths on the order of feet rather than inches would be required for

complete combustion.

The work of Townend and ﬁeid“, reborted in 1964 was not included in
Billig’s review. and was clearly a base burning test, but is relevent to
the presént study'since hydrogen fuel was'used successfully to alleviate
base drag on an axisymmetric cone-cylinder model at a relatively low Mach
number. The 1" diameter model was mounted in the center of a 5.5" square
test section. ,Test‘conditions‘were Mach 2.14, at a static pressure of 2
atmospheres, and ambient total temperature. Two methods of fuel injection
were tried, direct bleeding :into the base, and peripheral injection
through a slot upstream of the base. Hydrogen combustion in the wake
increased the base pressure to slightly higher than ambient pressure in
either case.. The similarity in results of both injection methods
suggested that fuel issding from fhe peripheral slot simply burned in the
wake in the s;me manner as fuel which.was bled into the wake direct]y. 30
and 22.5 degree cone-cylinder afterbodies were tested and resilted in
little difference from the blunt base results. The objective of this work
was to study the effects of stable combustion in the wake or base burning,
the peripheral i{njection being used only to enhance mixing. This
configuration however bears i.c1ose resemblance to an external burning
scheme suggested by Strahle' four years later in which fuel would be
injected transversely and burn in the inviscid stream adjacent to the wake

supposedly yielding much higher performance.

In 1968, Strahle noted that previous base burning results were "somewhat

.
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‘disappointing™ being limited to base pressures less than or equal to
freestream static pressure. He proposed using external burning outside
but adjacent to the viscous wake to pressurize the dividing streamline and
thereby the base surface by communication through the elliptic
recirculation zone. In effect, the wake was to act as an afterbody
pressurized by external burning. He reasons that the pressure rise due to
external burning is not constrained to freestream pressure, and that
higher performance than that of base burning alone would be possible. He
evaluated this concépt analytically using an integral analysis for the
recirculating wake flow, and a composite approach for the external burning -
heat addition region which combinined 2-D planar linear theory and one-
dimensional flow. The conclusion drawn from the analysis was that indeed,
there is no limit to the base pressure rise and the rise is monatonic in
combustion zone strength. Boundary layer separation upstream of the base,
and the breakdown of supersonic flow in the heat addition region were
mentioned as two possible limiting factors. The latter concern wés
addressed in 1970 by Strahle in reference 14. He performs a more detailed
analysis of the transonic external burning process on a flat plate using
2-D velocity potential formulation. The conclusion is that a positive
pressure coefficient can.bg maintained on the surface even after the
transition to subsonic fléw{' If the outer, supersonic flow breaks down
however, as may be the case if a transonic flow is turned through too
great an angle, he concludes that useful force generation cannot be
realized. Strahle’s application of external burning to wake
pressurization served as the basis for several subsequent external burning

studies.
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In the early 1970's, Fuhs'™ at the Naval Postgraduate School extended
Strahle’s analysis to axisymmetric, annular heat addition geometries and
proposéd a number of applications for external burning. One was that of
transonic drag reduction on an axisymmetric plug nozzle. He proposed the
addition of heat on the cowl boattail surface to reduce the Mach number,
ultimate)y resultihg in subsonic flow downstreaﬁ of the cowf trailing
edge. Drag reduction on the boattail is secondary to a "wave trapping”
effect where waves reflected from the plug surface are now reflected back
as compressions from the subsonic boundary. Large gains in thrust at very

modest fuel consumption are demonstrated by an initial analysis.

A group of graduate students led by Fuhs'" performed projectile drag
reduction experiments based on Strahle’s concept in a Mach 2 free-jet. A
projectile base was mounted concentrically in the free-jet, and the nozzle
exit was contoured to generate compression waves which simulated external
burning. The location and strength of the simulated heat release was
varied using different nozzle geometries, to arrive at an optimum
configﬁration. Compression waves fbcused on the wake did produce the

expected increase- in base pressure, but the practicality of forcing

' éombustion to occur at the desired Tocation and with the desired intensity

was not addressed.

Strahle, Hubbartt and Neale®®? performed a series of experiments in a 6"
diameter, Mach 3 tunnel with a concentrically mounted 2.25" diameter
model. Following Fuhs, tests were run with simulated external burning in

which detailed wake measurements were made. Base bleed and hydrogen base
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burning with simulated external compresSion was then studied followed by
an attempt at hydrogen external burning using subsonic, radial .fuel
injection Jjust upstream of the base. It was found that this external
burning configuration performed very similarly to base burning where thé
fuel was bled axially into the wake. It was concluded that extra Jet
penetration of the fuel was needed, and the orifices were re-drilled to
provide supersonic injection. The extra jet penetration however, rendered
stable combustionvimpossib1e. The projectile base recirculation zone
which had been acting as the flameholder was no longer entraining fuel and
supporting a pilot flame. The Mach 3, 35000 ft. test conditions were
simply too severe to expect fiameho]ding by the fuel jet only. The strong
disturbance created by the supersonic injection also caused significant
interference within the tunnel. These results exemplify the practical
difficulty associated with obtaining “"true" external burning in the

inviscid stream with non-pyrophoric fuels such as hydrogen.

Schadow?®?® performed a parallel series of experiments combining base and
external burning in the late 1970’s on both two-dimensional and
axisymmetric base geometries at Mach 2, sea level conditions using fuel-
rich solid rockgt exhaust as fuel. Schadow’s tests were run in a free-
Jet, and were not susceptible to tunnel choking and wall interference
effects. In fact, Strahle in reference 25 notes that waves reflected from
Schadows free-jet boundary would lead to conservative resuits. Schadow
achieved base pressures greater than freestream (base thrust) with
combined base and external burning, but as in Strahle’s tests, external

burning alone did not perform to expectations.
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In 1976, Cavalleri® reports on an external bu.rning rocket concept in which
Strahle’s wake pressurization schéme is used to provide propulsion. Tests
were run at Mach 2 and 2.5 over a range of altitudes with an 8" diameter
base in a 37" diameter test section, which is of significantly larger
scale than previous tests. Fuel-rich solid rocket exhaust was injected
radfally upstream of the base. No base injection or base burning was used
in conjunction with the external burning, yet enough thrust to cruise a
Tow drag shape at Mach 2 was obtained. Relatively cool base temperatures
measured during the tests indicated that the heat addition was truly in
the form of external burning and not base burning of fuel entrained into

the wake. Measurements made downstream of the model indicated that a

- subsonic plume caused by external combustion persisted for 14 radii

downstream of the model base. This led to concerns that wave reflections
and high pressure in the facility diffuser may have fed forward to
influence base pressure. Director™ analyzes the data further and

concludes ihat the results were not affected by facility interfef'ence.

The bulk of past experimental external burning studies have been conducted
usin§ pyrophoric fuels with no additional flameholding required. Previous
hydrogeh external burning 's'tlildies include Baker’s early work which
required large flameholders with respect to the tiny model scale, and
Strahle’s work at Mach 3 with no flameholders in which successful external
burning was not achieved. To -date, external bﬁrning in the inviscid
flowfield has been approached only with pyrophoric fuels in Cavalleri’s

external burning rocket experiment. It seems that true external burning
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- in the sense meant by Strahle in 1968_w111 always be elusive, especially
~ with a non-pyrophoric fuel such as hydrogen since an undisturbed, inviscid
supersonic flow by definition has not been disrupted by fhe fueling
process, and contains no flameholding sites. The present study 1is
intended to extend the hydrogen external Shrning knowledge base to
transonic conditions, representative of a single stage to orbit
airbreathing vehicle trajectory. Some features peculiar to this situation
are the need for a flameholder, and the subsonic condition of the plume
following external combustion which must be carefully considered in both

analysis and experiments.

Objectives of Current Work

In the current concept, a flameholder is used to sustain a piloting fegion
near the wall surface, from which combustion can propagate into a fueled
stream of somewhat larger proportion. One objective of the present study
is thus to characterize the flameholding requirements for hydrogen and air
at the transonic, sub-atmospheric preséure conditions of current interest,

and to define the flight envejope where external burning is feasible.

Given that the hydrogen-air combustion process can be stabilized over an
appropriate range of flight conditions, another objective is to evaluate
the performance of external burning on the simplified expansion ramp

geometry described earlier at transonic conditions.
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To satisfy these objectives, an analytical and experimental study was

undertaken. The control volume analysis described in chapter II was

performed to estimate the performance potential of hydrogen external

burning at the conditions of intereﬁt. The contfo] volume analysis was
also used to size:fue1 injection orifices for the experimental program.
Results obtained were encouraging and the'experimentaI program described
in chapter IV was initiated to characterize the flameholding requirements,
and demonstfate drag reduction on the_simplified expansion ramp geometry,
while providing data for comparison to {he control volume results. In
chapter III, an Euler analysis is performed which verifies the control
volume results in two-dimensiﬁns, and provides further insight into the
external burning flowfield and supersonic-subsonic transition. The Euler

analysis also proved useful in interpreting the experimental results.
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CHAPTER I1 - CONTROL VOLUME ANALYSIS

Background

The analysis of external burning in a transonic flow can be a formidable
task, dependipg upon the level of detail required. Features of the
flowfield include combustion of an unbounded stream of fuel and air, and
the interaction of this stream with the unburned freestream and thrust
surface. The details of fuel injection, flameholding, mixing and reaction .
kinetics could also be”considered.. To lay.the groundwork for more
sophisticated multi-dimensional analysis and experimental programs it is
useful, if not critical to perform a simple parametric study that includes
only the most dominant physical phenomena. The control volume analysis
described in ihis section is a means to this end. It is intended to
reveal the important pafameters in the external burning process and.asseSs
the practicality of the concept as a drag reduction device. Based on the
conservation equations, it provides insights into overall performance
sensitivities while avoiding complex fuel injection, mixing and combustion

modeling.

Before developing the control volume equations, a brief overview of
analysis methods used by previous authors is given to provide a rationale
for choosing the control volume method. Past analytical approaches to

external burning can be divided into roughly three categories:




16

1) Two dimensional linearized, or exact methods which are mentioned
here for completeness, but in general do not apply to the transonic

problem where heat addition causes a transition to subsonic flow.

Pinke1®' et. al. developed a graphical approach.for obtaining diabatic
method of chéracteristics solutions. This technique was then applied to
a supersonic wing under which heat was addgd to increase the lift/drag
ratio*. Thé method never seemed to catch on however due to it’s tedious
nature.

k** developed equations for the perturbations caused by a

Tsien and Beiloc
line heat source in a compressible flow. These linear theory results
could be superimposed and were used widely by other authors. Schetz3*:%
for example used these results to model external byfning adjacent to a
turbulent wake as a "flame sheet". A similar method was also used by Fuhs

in reference 15 for a number of different external burning examples.

2) One dimensional methods thch employ equations derivable from
Shapiro’s™ influence coefficients. They are generally put in finite
difference form and solved by marching downstream while
incrementally adding heat. While the equations are valid for
subsonic flow, a singularity in the equations exists at Mach one,
making the supersonic-subsonic transition difficu]t numerica]iy. A
subsonic outflow would also require multiple {terations in a

downstream marching approach.
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3 studied the control force geherated on a flat plate by Jet

Vaughan
interaction and subsequent external burning of hydrogen. He limited the
heat re1easé to avoid sonic conditions in the burned stream since if the
burned stream chokes, he concludes that upstream conditions must changé

and the assumptions used in deriving the model are violated.

Callens® et. al. used the one-dimensional equations to determine external
burning propulsion performance for a high Hach'upper stage. He further
assumes a constant pressure in the burned stream which allowed a closed
form integration of the equations (making his method similar to a control
volume approach). He states that a limit on the amount of heat that can
realistically be added is that the flow remain supersonic. Further

reasoning behind this restriction was not given.

3) Control volume methods which ignore the detailed interactions
within the heat addition zone, generally requiring information only
at the control surfaces. No difficulty arises mathematically with
subsonic flow, but assumptions regarding the outflow conditions must
be made carefully, since any subsonic region is elliptic in nature.
The control surfaces generally include inflow and outflow boundaries
Joined bj two lateral control surfaces through which no flow passes.
One of the lateral boundaries {is the surface to be pressurized,
either a solid surface or wake, the other is the bouﬁdary between
heated and unheated flow. Al1 injection, mixing, and combustion
occurs within the control volume. Often, the entire control volume

is assumed to be at constant pressure eliminating pressure-area
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terms which can be difficult to evaluate.

Marino® used a constant pressure control volume approach to calculate the
side force specific impulse of external burning on a flat plate for
control pdrposes. The minimum Mach number considered was two, and since
the fuel considered had a heating value of 18000 btu/1b, a subsonic exit
condition would probably not occur, and was not discussed.

“0.41 @t. al. used an annular control volume formulation for external

Harvey
burning adjacent to wake flow. In this study, the shape of the control
volume was based on shadowgraphs of an external burning experiment and an

approximate method of characteristics technique for axisymmetric flow was

- used to calculate the pressure on the outer control surface based on it’s

angle with respect to the freestream.

In reference 2, Billig presents a iwo-dimensiona] constant pressure
control volume approach applicable to high Mach external burning
propulsion. He presents experimental data which support the constant
pressure assumption. Shock-expansion theory was used to determine the

control volume pressure based on the angle of the outer control surface.

Another method used by many authors and summarized in reference 2, is the
constant-area approach or planar heat additién model. An infinitely fast
heat release rate is assumed such that the heat release takes place in an
infinitely thin region and therefore at constant area. One-dimensional

relations then apply across the thin control volume bounding the heater.
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Normal or oblique heater planes can be treated in combination with normal
and oblique shocks to build up the flowfield.

Transonic freestream conditions combined with @he high heat of combustion
of hydrogen will result in subsonic flow. For this reason, the control
volume method was chosen as being the most applicable for the present
study. Another more subtle advantage is that the outflow pressure in the
el]iptic region can be specified, where this would generally be impossible
in a one-dimensional marching technique, without some type of {terative
procedure. The present formulation differs from that of previous authors
in that a constant pressure assumption is not made. The present analysis
allows for the outflow pressure to equal the freestream static pressure,
yet does not prohibit pressure excursions within the control volume which
yield a net thrust or drag. This seems to be an important consideration
since by it’s elliptic nature, -the subsonic plume extending past the
outflow plane is influenced by the pressure downstream which quickly

returns to freestream behind the vehicle.

In the development to follow, only the axial or thrust force will be
canidered. A beneficial normal force, proportional to the axial force is
also generated which counteracts the high pressure forward of the vehicle
center of gravity on the forebody (or inlet compression surface). The
benefit of this normal force (which may be a number of times largef than
the axial force) cannot be characterized as easily, but it has the
synergistic effect of reducing drag by reducing the vehicle wing loading,

and required pitching moment trim. The determination of the normal force
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is an obvious extension to the control volume analysis once the nozzle
chordal angie is specified, and it must be considered in vehicle closure
studies, when comparing external burning to other propulsion augmentation

options.

Development

A simple planar expansion ramp geometry is used to model the vehicle base.
Hith some imagination, this can be thought of as a simplified
representation of the vehicle afterbody and nozzle system where the nozzle
cowl flap and the main engine exhaust flow outer shear layer comprise a
solid surface upon which external burning acts. The angle of this control
surface and its’ projected base area would be functions of the vehicle
afterbody and nozzle gebmetry as QeI] as the main engine nozzle pressure
ratio. Impiicit in this thinkinj'is that the engine exhaust stream
transmits the local pressure on the shear layer directly to the vehicle

afterbody.

‘An important initial step in any coritrol volume analysis is the prudent

choice of problem boundaries."Good choices include surfaces through which
wmass does not pass and surfaces through which mass passes at right angles.
A1l boundaries in thé subsequeﬁt development fall {into one of these
categories. Figure 2-1 depicts the control volume nomenclature used. At
station zero a uniform stream of air flows into the control volume at

freestream conditions. The stream is fueled by injecting gaseous hydrogen




21
normal to the freestream through a row of sonic orifices.. This
specification of the {njection method is not essential to obtain initial
results, but is included so that fuel momentum may be taken into account.
Conditions at the outflow plane or station two are also taken as uniform
with velocity parallel to the freestream. The expansion ramp or vehicle
base on which the change in force will be evaluated comprises the upper
control surface. Completing the control volume is the streamline bounding
the external burning plume, emanating from a point at station zero above
which all of the fuel is confined. Integral forms of the continuity,
momentum and energy equations can now be applied to the control volume and -
with some additional assumptions will result in a system of four equations

which can be solved for a choice of four dependent variables.

The applicable form of the integral momentum equation for steady flow with

no body or viscous forces is as follows:
§(pPds) 7+ §p ds = 0 [2-1]

Equétion 2-1 is split into x and y components, and the integrals are
evaluated for each control surface. Beginning with the x component, the
inflow and outflow surfaces are easily evaluated with the assumption of

uniform, paralliel flow, and yield the following terms:

inflow: =th,u, = Py, [2-2]
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outflow: (th+th,) u, + Py, [2-3)

At the upper boundary or wall surface, only a pressure integral exists and

is written in terms of the axial thrust coefficient defined as follows:

(P,-P,) ds
c .- ..fg T [2-4]
f QoY

The minus sign preceeding this equation is required so that wall pressures
above freestream static pressure result in positive thrust (note that the
area increment vector ds points out of the control volume). Using this
definition, terms of the x-component o.f the momentum equation for tﬁe wall

surface become:

wall surface: -C0oYp = Poy, ' [2-5]

On the bounding streamline or lower control surface, there is no momentum

| flux and linear theory is used to evaluate the pressure integral. Simply

stated, the l'oca'l pressure coefficient on the streamline is assumed to be
a function of the local deflection angle. Assuming small angles the

linear theory relation is as follows:




23

c = BB -2(%). | [2-6]

P8 Qo ‘/ET].,

The minus sign {s required so that deflections away from the vehicle axis
result in positive values of C,. It is further assumed that the streamline
returns to the freestream direction at station 2 so that the outflow and
inflow pressures are equal. Under these assumptions, the x-component of

the pressure integral on the streamline becomes:

}' po-ﬂ Q}_')dx [2-7]
4 21 |,

The second term in the integrand cannot be evaluated unless the variation
of dy/dx along the streamline is known. This term, which is the pressure
increment above freestream times an area increment involves the slope
squared and always acts to reduce the thrust coefficient. Since linear
theory already restricts the analysis to small deflection angles, it could
be neglected which would be tantamount to assuming that freestream
pressure acts on the streamline control surface. A more conservative
approacﬁ is to account for the term at least approximately by assuming a
streamline shape. In practice, the shape would depend on fhe axial heat
addition distribution which is beyond the scope of this simple analysis.
The assumption used herein is that the slope is constant and equals the

total change in elevation of the streamline divided by the ramp length L.
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The first term in equation 2-7 involves the integral of the slope and is
evaluated exactly as freestream pressure times the change in elevation
along the streamline. The resulting terms of the x-momentum equiation on

the streamline are as follows:

20, (¥p=y2+¥,)2

streamline: Py (YotyYp-Ya) - AR [2-8]
. 73

Summing the terms in 2-2, 2-3, 2-5, and 2-8, the final x-momentum equation

becomes:

The second term is the streamline linear theory approximation and is
negligible for low deflection angles and thrust coefficients. Note that
this is where the éffect of the ramp angle appears. From this equation it
can be seen that for thrust coefficients near zero (base drag eliminated)
the inflow and outflow.velocities are nearly equal, only differing by a
factor 1nvo]ving'the fuel-air ratio. The outflow temperature following
hydrogen-air combustion can be a1mdst an order of magnitude greater than
the inflow, resulting in a factor of three increase in the speed of sound.
The outflow will therefore be subsonic for the range of freesfream Mach

numbers of interest here.
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Evaluating the y-component of momentum on all control surfaces results in

equation 2-10:
' L L
(V) = ~(PA), - [ Pyax « [ Pyax [2-10]
[ 0

| Here it has been assumed that the fuel s injected normal to the
freestream. The integrals are evaluated in a manner analagous to those of
the x-moﬁentum equation with the additional assumption that the wall
surface is straight (dy/dx is constant). The final form of the y-momentum
equation is as follows where d* is the diameter of the choked orifices, and

S is the spacing between orifices:

Yol Yo%z, - o[ L) =
2(1,)[ yb(yo 1) 1] i (1 CVY:)( o)(yb)(4) [2-11]

G =
o~ 2o )vL(iXL)
2 d'AYs

The second term represents the fuel momentum and acts to reduce thrust.
In spite of it’s complexity, this term is negligible compared to the

inflow momentum and can be ignored.

The continuity equation can be written simply as a statement of mass

conservation in the control volume:
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thy + thy = 1, [2-12)

App]ying the equation of state for a thermally perfect gas at the inflow
and outflow stations, and recalling that the inflow and outfiow pressures
are equal, results in a relation for -the overall control volume area

ratio:

(2h2)E)
Y, o\ Ty \ R, [2-13)

To close the system of equations, information about the thermodynamic

state of the outflow is needed. This is provided by the energy equation:
§pvd5 + fp(e+§)x7-d.‘s =0 [2-14]

Only the inflow and outflow planes, and the normal fuel injection need to

be considered here since the dot product of velocity and area is zero

_everywhere else. Equation 2-15 is the energy balance used.

m,(m‘—:-) +m,(h+§) . (m,m,)(m%) [2-15)
0 b 4 2

This equation is evaluated by assuming that combustion at a given fuel-air
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ratio is complete at station 2 and that the combustion products are 1in
equilibrium at freestream static pressure. Ten species are considered in
this calculation which is outlined in appendix A. The outflow gas
constant ‘needed in the continuity equation {is a by-product of the

equilibrium energy balance.

Equations 2-9, 2-11, 2-13, and 2-15 are four equations which can be used
to solve for four unknowns. In general, the control volume inflow
conditions are specified, as well as the inflow stream height and fuel-air
ratio. The conservation equations can then be used to determine the
control volume area ratio y,/y,, velocity ratio u,/u,, temperature ratio
T/T, and finally, the thrust coefficient C_. Some variations of this

basic equation set will now be described.

ree-Dimensional Relijef roximation

A non-zero thrust coefficient implies pressures different from freestream
within the control volume yhich would give rise to a transverse flow. To
account for this three-dimgn;iona] relieving effect which would tend to
lower the magnithde of the thfﬁst coefficient, some additional modéIing is
introduced which allows for changes in the control volume width from
station 0 to station 2. The main assumption here is that all three
*sides" (stream surfaces) of the control volume deflect equally. The
change in the formulation arises in the x and y-momentum equations where

the streamline slope is reduced since the cross-sectional area of the




control volume at station 2 is now accommodated by equal deflections of
all three stream surfaces. Similar to the two-dimensional form (2-7), the

x-component of the pressure integral on the stream surfaces is:

r (%). _da ,'w_&)dx [2-16)

o--{ Po_zao,lE-:. d« L

The_dA/dx term is the total cross-sectional area change, and dy/dx is now
the fhree-dimensiona1 slope of all three stream surfaces. As in the two-
dimensional case, this slope is assumed to be constant and equal to the
total deflection divided by the base length. The final “three-

dimensional™ form of the x-momentum equation becomes:

R [ ==

The three dimensional stream surface deflection is a function of the
-vcontro] volume area ratio A,/A,, the inflow stream height y,/y,, the base
aspect ratio w/y,, and the ramp angle L/y,. Evaluation of this term is

purely geometric and is reduced to the quadratic equation below.
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Ay. 2 A)r.
{25 o)
2] .
~ b [2-18]
b= 2(&)[ 14 20 4 .l(.l)]
Y Y 2\ Y»

Gl Gl - 2)

It should be noted that some small pressure-area terms have been neglected
in this three-dimensional model since the control volume no longer
conforms exactly to the edges of the ramp surface. Since linear théory
already restricts angles to small values, inclusion of these small

"wedges” is unneccessary.

The three-dimensional y-momentum equation 1is similar to the two-

dimensional form (equation 2-11) except that the 3-D streamline deflection

is now used:

o[

2(&3_1’) (1 +c',,y ¢ (
c =-—_L /.

= ( W:-U)

A¥A L
@

The continuity and energy equations are unchanged, with Y,/Yy, interpreted

[2-19]

as the cross-sectional area change of the control volume from inflow to

outflow.



30

uation r a Per

The energy equation can be greatly simplified by neglecting the addition
of fuel altogether and assuming that energy is simply added to a perfect
gas air stfeam. The resulting equation (2-20) will be useful in a
subsequent section when comparing results from a two-dimensional perfect

gas Euler ané]ysis.

T 1 1({u:), 1
Ly | —a . -_(_=) 21 220
T, e (ui/g) (y,~1)M5 2\W) 2 [2-20l

The energy added per unit mass of air flowing into the control volume (q)
is assumed equal to the product of fuel-air ratio and the lower heating
value of the fuel. Corresponding simplifications to the continuity and
momentum equations are readily made by assuming a fuel mass flow of zero
and that the outflow and inflow gas constants are identical. If the two-
dimensional forms of the x and y momentum equations are used (2-9 and 2-
11), and the second term in equation 2-11 is neglected, the equation set

can be manipulated into a quadratic in u,/u,.

ua r

At zero drag, three-dimensional effects are negligible, so the two-

dimensional equations are used. Further, the term involving the slope
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squared in the x-momentum equation (2-7) can be neglected. The fug]
momentum term in the y-momentum equation is fgnored so that answers are
not specific to the normal 1injection case. Now, setting the thrust
coefficient to zero results in the following forms of the x-momentum, and

y-momentum equations.

o S S
U, (1 . Th, ) [2-21]
m‘
Yo o 1
Vs (& . [2-22)
Yo

The continuity and energy equations are unchanged at zero drag.

Performance Parameter Definitions

A figure of merjt for externa] burning is needed so that it’s performance
can be compared to that of other forms of propulsion. An obvious choice
would be the specific impulse based on the force generated by external

burning:

I = AXIAL FORCE INCREASE

sp m: [2‘23]
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In terms of the external burning parameters used in the preceeding

development, this equation becomes:

= (Ct - CS) C -
“ " T3Y Fe 29, (1b,~sec/1b,)
[Baa)

[2-24)

Where C,° is the ramp ;urface force coe%ficient without external burning
and is defined exactly as thé thrust coefficient was in equation 2-4.
Another definition, which does not involve the fuel off thrust coefficient
is obtained by assuming that the pressure on the wall with no external
burning is zero. The resulting "total specific impulse® can be written as

follows:

| c + 2)
I [ oYM

YA, \ U,

This definition results in high impuise values, since it is based on the

(1b,-sec/1b,) ‘[2-25)

total force instead of the external burning force increment, but can be
computed without knowledge of thg drag coefficient. The total spgcific
impulse is the sum of the external burning impulse given by equation 2-24
and an impulse attributed to the pressure on the ramp without external
burning. It cannot be directly compared to the specific impulse of other

propulsion systems, but is useful for examining trends.
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At zero thrust coefficient, a "normalized" specific impulse is obtained

from equation 2-24.

. &) |
I:p = (2g¢' = 2 (1b,-sec/1b.) [2‘25]

2B 9

This equation illustrates the fact that external burning performance is

directly proportional to the severity of the base drag problem.

Results

The zero-drag form of the equations will be examined first to determine
the fuel flow and inflow stream height required to eliminate base drag.
If either of these parameters appear to be unreasonably high, the utility
of the concept would be in question. The zero drag y-momentum equation
(eq. 2-22) states that the inflow stream height depends only on the
control volume area ratio. Since this stream must be fueled by a fuel
injection systém in any practical application, a low value is desirable
which translates into a high value for the control volume area ratio. As
shown by equation 2-13, the area ratio is mainly a function of the fuel-
air ratio chosen since at zero drag, the inflow and outflow velocity ratio
is nearly one. Both the temperature and gas constant ratios increase with
increasing fuel-air ratio until the maximum equilibrium temperature is

reached at a fuel-air equivalence ratio slightly greater than one.
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Further increases in the equivaIenée ratio result in much lesser increases

~ in area ratio as the now decreasing equi]ibrium temperature compensates

for the gas constant and mass addition effects. The equilibrium
temperature ratio is affected to a lesser extent by altitude, as the
temperéture ratio increases with decreasing inflow temperature. The
effecf of pressure on the equilibrium ca1cu]at16n is negligible at the

altitudes considered for transonic flight.

The variation of required inflow stream height at zero drag with fuel
equivalence ratio is shown in figure 2-2a over a range of transonic flight
Mach numbers on a 1000 psfa dynamic pressure trajectory. Note that since
the 1inear theory terms were ignored in the zero drag equations they can
be evaluated below Mach one. The benefit of increasing equivalence ratio
is reduced for equivalence ratios greater than one. The curves flatten
out at Mach 1.8 as the vehicle climbs into the tropopause and the inflow
temperature becomes constant. This is the only effect of trajectorj on
the inflow stream height; different trajectories would simp]y cause this
flattening to begin at a different Mach number. For a stoichiometric, or

fuel rich system, the required stream height is about six to ten percent

" of the base height over the entire Mach number range.

The inflow stream height and freestream conditions fix the air flowrate
into the control volume, so specifying the fuel-air ratio determines the
fuel flowrate required. Figure 2-2b shows the required fuel flows at zero
drag corresponding to the conditions of figure 2-2a. For equivalence

ratios less than one, the increase in fuel flow with fuel-air ratio is
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compensated by the reduction in inflow stfeam height. Thus the curves for
equivalence ratios from .5 to 1.0 are nearly coincident. On the fuel-rich
side however, the fuel flow does increase with equivalence ratio since the
- reduction in inflow stream height is relatively small. Unlike the 1nf10§
stream height, the fuel flowrate is a strong function of altitude being
roughly proportional to the freestream dynamic pressure. Along the 1000
1b/ft? trajectory, the required hydrogen flowrate ranges from about .05 to
.2 1b/sec per ft? of base area for stoichiometrié or fuel lean equivalence

ratios.

So far, the desire for low inflow stream height requires the highest
equivalence ratio possible, tempered by consideration of the fuel flow
which increases sharply for equivalence ratios greater than one. The
penalty for high fuel flow is shown in figure 2-2c using the "normalized"
specific impulse given by equation 2-26. The impulse values decrease with
increasing equivalence ratio, but there is relatively 1ittle loss in
performance for equivalence ratios up to one. Performance degrades
quickly however with further increases in equivalence ratio. The specific
impulse is nearly invariant with trajectory, since the fuel flow increases
proportionately with freestream dynamic pressure, and the ratio of these
two appears 1n'equation 2-26; i.e. for a given drag coeficient, the drag
force and fuel flow are proportional to dynamic pressure. The increase in
specific impulse with Mach number is due to the norma]izafion used and
would only occur if the drag coefficient were constant over the Mach
number range. To determine the actual I,P due to external burning, the

base drag of the vehicle without external burning must be known. The
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determination of a base drag coeffiﬁient is a complex problem even for
simple projectile shapes, depending on many different parameters such as
Reynold’s number, Mach number, approach boundary layer thickness and
boattail angle. The situation herein is further complicated by the main
engine exhaust which has already been simplified. Reference 1 contains a
vast number Qf correlations and models from which an overall flavor of the
base drag problem can be obtained. To pick a single drag coefficient
applicable over the range of flight conditions would be a gross
oversimplification, however for the present discussion, a value of order -
.25 puts a lower bound on the specific impulse, reducing the normalized
values by a factor of four. Even at this conservative level of base drag,

the Iq,at stoichiometric conditions ranges from 1000 to 4000 seconds which

~exceeds that of a rocket (400 sec) and is competetive with a turbojet

installation. Added benefits of an external burning system are its light
weight and relative simplicity.

The results at zero drag indicate th&t the external burning system should
be designed to operate at or near stoichiometric conditions. A fuel-lean
approach results in slightly lower fuel flows, and higher performance, but
would involve distributing Tess fuel over a larger cross-sectional area.
From the practical standpoints of fuel injection and flame stability to be
discussed in a subsequent section, equivalence ratios near one are

preferred.
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Euel Injection Considerations

Given the required fuel flowrate and inflow air stream height, the fuel
injection scheme can be examined in more detail. A transverse row of
sonic orifices injecting gaseous hydrogen fuel normal to the freestream
will be considered. More imaginitive ways of fueling the stream such as
spraybars, vortex mixing, etc. could be considered, but wall injection can
be modeled in a relatively straightforward manner and provides a good
point of departure for more elaborate schemes. Upon injection from a
sonic orifice normal to the freestream, the fuel jet interacts with the
oncoming freestream air and is bent downstream in a relatively well-
understood inviscid process known as “"jet penetration"*25'.,  The
"trajectory” of the fuel jet depends largely on the momentum of the two
streams. If the freestream momentum is high compared to that of the Jet,
the fuel is quickly directed downstream and may on]y penetrate a few
orifice diameters into the freestream. This inviscid interaction which
results in most of the penetration occurs within about 20 orifice
diameters downstream of injection, after which the viscous mixing process

transports the fuel further into the freestream at a much slower rate.

Jet Penetration Model and Equivalence Ratio Approximation

For round, underexpanded, sonic orifices the jet penetration depends on a
number of parameters including the orifice diameter, fuel and freestream

conditions, and distance downstream of the orifice at which the




penetration is measured. The jet penetration was found to be almost
invariant with gas molecular weight and total temperature in reference 48.
Povinelli et.al.%® presents a corfe]ation of experimental data which is
useful for the present application, §ivihg an equation that describes the
outer boundary of the injectant defined as a 1/2% concentration by volume.
Four correlating barameters were used, hamely the jet penetration in
orifice diameters yb/d', the distance dounstrgam of the orifice centerline
x/d", the orifice exit Mach number, and the jet total pressure divided by
the “"effective back pressure". The effective back pressure idea was
introduced by Orth, et.al.*” as a way of extending results for injection
into a quiescent medium to injection into a supersonic cross-flow. The
effective back pressure is taken to be 2/3 of the stagnation pressure
behind a normal shock at the freestream Mach number. For sonic orifices
the correlation equation reduces to equation 2-27 which will be used

herein‘to describe jet penetratioﬁ.

[2-27])

The fuel-air'equiva1en¢e ratio and the control volume inflow stream height
are two key parameters which will now be related to the jef penetration.
The amounts of fuel and air involved in the external burning process must
be known to arrive at an equivalence ratio. The fue) flowrate through a

choked orifice of diameter d* is described by equation 2-28:
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Py ng”

Ihy = .1403 Cy <
B,

[2-28]

The total fuel flowrate is then determined by the number of orifices in
the row. Estimating the amount of air involved in the unconfined stream.
is not as s?raightforward and must be approximated. The central
assumption used herein is that the inflow stream height y, is equal to the
Jet penetration Yo The air flow is then taken as that which flows at
freestream conditions through the inflow plane. Thus each orifice fuels .
a cross-section of the inflow air which is Yo high and S wide where S is

the spacing between the orifices. This airflow is given by equation 2-29.

Poof A®
h, = 5322 (7)0"’5 [2-29]

Combining equations 2-28 and 2-29, the fue]-éir equivalence ratio based on

*penetration times spacing” becomes:

. - T ( sz ).517( Pt',,_s)"”( a ) .
P P .
®,., = 5.213 C, A% ol 1A/ [2-30)

TH,( sYx. 5).2.1
Te.o




The penetration times spacing equivalence ratio is obviously of a global
nature and is most rational if tﬁe orifice spacing and the jet penetration
are of nearly the same magnitude’. A parameter which gives a degfee of
freedom to this calculation is the distance downstream (x/d") at which the
penetration is taken {n equation 2-27. The 1/2% concentration
'trajectpry' given by equation 2-27 is plotted 1n'figure 2-3, for various
values of the jet pressure ratio. For x/d" values greater than about 20,
the calculated equivalence ratio will not be a strong function of x/d" due
to it’s .281 exponent. A value of 30 is used in most subsequent

calculations.

The design problem is then one of finding a combination of orifice
diameter, spacing, and fuel conditions, which results in the desired
equivalence ratio and inflow stream height (Jet penetration) at the given

flight condition.

uel Injection Design Exampl
| Equation 2-30 can be rearranged into equatfon 2-31 where a dimensionless

grouping of fuel injection parameters F, is written as a function of

freestream conditions and the desired fuel-air equivalence ratio.

In reference 43, the concentration profiles downstream of the
orifice are shown to develop into a "kidney shape” of total width roughly
equal to the height.
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p, Y x .28 '
= o . 192(_.+.5) ¢
F, = A-t.o - d [2-31)

(Z(2) G="02)

Replacing the jet penetration Yp with the inflow stream height y, in

equation 2:27 results in a second dimensionless group F, which also relates
fuel injection parameters to freestream conditions and the desired inflow

stream height.

d: P, ).483 (YO )(.Pt N.s).“s( % )-.201
F, =|= = ,734] =8 || XS =+.5 [2-32]
2 (yb)(Pt.o Yo\ Pe,o a*

NoQ, if a design flight condition and equivalence ratio is chosen, the
required inflow stream height from the zero-drag equations (figure 2-2) is
known and the fuel pressure, temperature, and orifice geometry can be
traded using equations 2-31, and 2-32. For the following example, the
Mach 1.4, 1000 psfa dynamic pressure (26700 ft. altitude) flight condition
was chosen. An equivalence ratio of one is used sfnce as discussed
‘previously, this provides a good compromise between specific impulse
performance and operability in terms of fuel i{njection and flame
stability. This design point results in values for F, and F, of .4588 and
.0239 respectively. Specifying a fuel pressure of 300 psia, results in an
orifice diameter of .005824 base heights from equation 2-32. The orifice
spacing ratio S/d" can now be obtaine§ from equation 2-31 by specifying a

fuel temperature and flow coefficient. Using a fuel temperature of 518
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degrees Rankine and a flow coefficient of 0.9, the spacing ratio {s 9.485.
At the Mach 1.4, 26700 ft. flight condition, this orifice design will
match the jet penetration and fuel fléw such that the inflow stream height
and equivalence ratio are the required values for zero drag. Similarly,
the specific impulse performance at this condition will be the zero drag
value given in figure 2-2c (8679 times C.°). To match the zero drag fuel
flow and jet penetration over the entire trajectory requires a unique
schedule of fuel temperatqre and pressure. For the example design given,
this schedule appears in figure 2-4. It is unlikely that this variation
of fuel conditions would exist at any one point in the fuel system, where
the external burning fuel could be extracted. To follow the variation

shown in pressure and temperature would burden the relatively simple

- external burning sytem with auxiliary pumps, heat exchangers, etc. making

it much less attractive.

Performance at Constant Fuel Conditions

Fortunately, the penalty for off-design operation is not substantial as
can be seen in figure 2-5 where the example orifice pattern is operated at
the design fuel conditions (360.psia, 518 degrees Rankine) over the entire
trajectory. Now, the resulting equivalence ratio and stream height will
not necessarily result in zero thrust coefficient and the general form of
the control volume equations must be used. In figure 2-5a, the inflow
stream height which is simply the jet penetration at constant fuel

conditions is plotted. The zero drag, stoichiometric design result is
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" also shown for comparison and obviously intersects the other curve at the
Mach 1.4 design point. The jet penetration varies only about 10% over the
entire envelope, as expected since the jet momentum is constant and the
freestream momentum {s nearly so on a constant dynamic pressure
trajectory. This results in the continuously increasing equivalence ratio
shown in figurev2-5b since the fuel flow is constant, and the airflow

decreases along the trajectory.

With the equivalence ratio and inflow stream height known, the control
volume equations are solved for the non-zero thrust coefficient. First
however, the tangent of the base angle y,/L must be specified, and if the
three-dimensional expansion assumption is used, the aspect ratio w/y, is
also needed. The thrust coefficient obtained by assuming a three-
dimensional expansion and equilibrium chemistry is plotted in figure 2-5¢c
| along with thrust coefficients for a 2-d expansion, and a perfect gas 2-d
expansion. To give the plot a §ense of scale, it may be noted that the
drag coefficient for a 15 degree Prandtl-Meyer expansion is -.630 at Mach
1.1 and -.145 at Mach 2.6. This represents the worst case for the ramp
without burning. In reality, three-dimensional effects and boundary layer
separation would tend to make these values closer to zero. With respect
to the Prandtl-Meyer expansion values, the thrust coefficient with
external burning does not vary significantly from zero, which is the
reason that the 2-d and 3-d curves are nearly coincident. The perfect gas
assumption results in high temperatures and high area ratios causing
slightly higher thrust. This is compensated for somewhat by neglecting

the fuel mass addition which is included in the real gas calculation.



From the standpoint of thrust, the consequences of simply using con#tant
fuel conditions are negligible for a system designed at an intermediate

flight condition along the trajectory.

From figure 2-5b, using.constant fuel conditions results in increasing
équivalence ratid. For constant’ thrdst, this translates 1into a
continuously decreasing specific impulse as shown in figure 2-5d. The
specific impulse as defined by equation 2-24 is plotted for the 3-d thrust
coefficient of figure 2-5c assuming a Prandt1-Meyer expansion for the fuel
off thrust. The zero thrust curve is also shown for comparison.l The I,
is greater than the zero drag VaIue for negative thrust coefficients and
less than the zero drag value for positive thrust coefficients. For
example, at Mach 1.2 the zero drag I,p is 3757 seconds; compared to an I‘p
of 4373 seconds at a thrust coefficient of -.017 for the constant fuel
conditions case. At Mach 2.0, The zero drag impulse is 2755, as compared
to 1992 at a.thrust coefficient of .614. The result of not adhering to a
design point fuel schedule -is thus slightly less thrust at a higher
impulse or slightly more thrust at a reduced impulse. These I,p numbers
are greater than what would be obtained in actual practice since the fuel
off thrust coefficient would be somewhat higher. However even at half
these impulse values the external burning system {s competetive with
turbojets given its 1ight weight, simplicity, and the synergistic effect

of the normal component of force which is not included in the performance

assessment.
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Control Volume Analysis Summary

Application of the conservation equations to a control volume representing
the external burning process results in a system of equations which
characterizes performaﬁce and operability. A subset of these equations in
which the thrust coefficient is set to zero provides a zero drag fuel
injection orifice sizing criterion. Results 1indicate that a

stoichiometric design strategy provides a good compromise between

performance and operability. An inflow stream height on the order of 10%
of the‘base height and a fuel flow of .1 to .2 pounds per second per |
square foot of base pfojected area are required to zero the thrust
coefficient along a 1000 psfa dynamic_pressure trajectory. This results
in specific 1impulse 'performénce competetive with other forms of
airbreathing propulsion. A single row of sonic orifices was sized to
match the fuel flow and jet penetration for zero drag at a single flight
condition. Using constant fuel pressure and temperature, the resulting
orifice design WOSEEQ_#ggggplablyL_OQEIL_She\;gg}jrf__ﬂfgﬁ,_ﬂgmbﬁr~“range

indicating that modulation of fuel conditions is unnecessary. These

encouraging initial results warranted further analysis and experiment

which is the subject of the fo]lowing chapters.




CHAPTER III - EULER ANALYSIS

Background

The control volume analysis ensures conservation of mass, momentum and
energy under the stated assumptions, but is a "black box" approach.
Internal details of the complex flowfield need not be considered to
evaluate the force imparted to the wall surface. An interesting
implication of the control volume analysis is that the wall force does not
depend on the axial distribution of heat addition, but only on the total
energy added. Another feature of the flowfield is the small change in
velocity of the external burning stream from inflow to outflow for near-
zero thrust coefficients (see equatién 2-9). The plume is driven to a
subsonic condition by an increase in the speed of sound and not by
deceleration. The transonic freestream is in general deflected by‘tﬁe
plume, unless the stream expansion caused by heat addition exactly matches
the wall geometry'. Deflection of the outer, transonic stream causes
axial pressure gradients which are balanced by the subsonic plume and give
rise to an inter#ction bétween the hyperbolic outer stream and the

elliptic plume.

In reference 52, Broadbent presents an interesting inverse method
for determining the heat addition distribution required for a desired wall
pressure distribution and streamline pattern in an inviscid two-
dimensional flow. The method is restricted to supersonic flow in which
the shape of the streamlines can be estimated readily, and so has limited
application to the present case.
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The desire to better understand the féatures and interactions of the
inviscid external burning flowfield and to verify in two-dimensions the
control volume results, led to the development of an Euler analysis which
is the topic of this section. The Euler analysis also proved useful ih
evaluating the experimental results of chapter IV where the additional
interaction of the free-jet boundary was examined. The Euler equations
were chosen due to their relative simplicity and as the next step in
complexity from the control volume ana]ysis.A A representative heat
addition distribution is imposed on the flowfield through the energy
equation and the equations are solved using a time-marching technique.
Assuming the distribution of energy addition a priori may at first seem to
be an oversimplification, but the alternative fs a viscous model of the
complex mixing and chemical processes which are themselves subject to
assﬁmptions on turbulence and chemical reaction rates. A much finer grid
and orders of magnitude greater run times are other obvious drawbacks to
a Navier-Stokes approach. Using the Euler approach, the heat addition is
based on available information such'as jet penetration and fuel flow and
can be varied parametrically. Features of the flowfield and analysis are
depicted schematically in figure 3-1. The geometry studied parallels that
of the control volume analysis, being a straight ramp adjacent to which
heat is added so as to counteract the expansion and reduce the drag force.
The heat addition region in general drives the supersonic inflow to a
subsonic condition resulting in a mixed supersonic-subsonic'outflow} The
upper lateral boundary downstream of the ramp is treated in two different
ways, as a solid wall parallel to the freestream, and with a second inflow

which simulates the flow over the upper surface of the vehicle, generating




a slip line between it and the external burning plume. In comparisons of
the two methods to be presented in chapter 4, the plume was quickly
deflected by the freestream inffow and the s1ip 1ine and wall were nearly
coincident, resulting in negligible differences in the ramp pressure
distributions .and drag force. The lower lateral boundary is treated as
either a free boundary through which waves may paSs, or a free-jet
boundary which deflects, reflecting waves of the opposite family back into
the flowfield. The heat addition zone is bounded by the wall and a
streamline emanating from a specified point at the inflow in the lateral
direction, and axially, by specified upstream and downstream locations X,

and X5.

Development

uler Equations in Conservation Form

The equations of motion for an inviscid, non-conducting gas without body
forces were taken from reference 53. For the present case, the term
representing the energy addition must be retained in the differential
énergy équation. The resultihg.equation set in conservation form and the

non-dimensionalization used is as follows:
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Following reference 53, a general grid transformation is applied and the
equations are put back into conservation form. The resulting equation set

in transformed coordinates contains the Jacobian and metrics of the

transformation.
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The U, E, F, and Q vectors are as defined in equations 3-1. These
equations are then solved on the transformed, uniform, rectangular grid.
Algebraic grid generation was used with stretching functions taken from

reference 53, used in both the x and y directions.

h lut

The transformed equations were solved in finite-difference form using
MacCormack’s explicit, time-marching, predictor-corrector technique as
presented in reference B53. :A-'forward predictor, backward corrector
differenci‘ng scheme was used ‘for internal points, with appropriate
switching at boundaries where an initial solution is needed to apply the
boundary conditions. The flowfield was initialized to the inflow
conditi_ons and then marched in tinie using a time step determined by the 2-

D Courant number:

(lvj+a)At
Y(AXx)2+(Ay)*

Cp = [3-3]

The f'lowfield was surveyed at each iteration to determine the maximum
allowable time step based on a constant Courant number. For many of the
flowfields with heat addition and large density gradients a Courant number
of 1/4 was needed to stabilize the solution. To determine convergence,

the absolute value of the change in each of the U vector members (obtained
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in the corrector step) was summed over the entire flowfiejd at each time
step. These four values which represent the degree to which each of the
four conservation equations are satisfied generally decreased by several
orders of magnitude, approaching steady-state values which were grid and

problem dependent.

Artificial Damping

Damping was required to stabilize the solution in the vicinity of shock -
waves as well as near the boundary between heated and unheated regions.
Common artificial viscosity models based on velocity gradient are
sufficient for adiabatic flow, but for the present case, large gradients
in density can occur across the heat addition boundary fn the absence of
a velocity gradient, rendering the artificial viscosity models
ineffective. The method used was a variation on that of Rusanov as
presented in reference 54. Terms involving spatial derivatives of the U
vector members are added to the members of the E and F vectors in all four
equations. This corresponds to adding an artificial viscosity, as well as
a mass diffusion, and therﬁa1 conductivity. The dissipation terms modify

the transformed E and F vectors in equations 3-2 as follows:
E = Z[E(B+C0,) + £, (F+C,0,)) |

[3-4]

F=

gle gle

[N, (B+CO,) + m, (F+C,0,)]
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where C, and C, are damping coefficients given by:

C, = Cy(|u|+a)Ax
[3-5]
C, = Cy(|v|+a) Ay

and C, 1s an adjustable damping coefficient. This damping scheme was
successful in smoothing oscillations near shocks as well as across heat
addition boundaries. C4 values from .01 to .1 were used with the optimum

value being prbb'lem dependent.

Assignment of Heat Addition Distribution

In defining the heat addition distribution, it is assumed that the inflow
stream height and equivalence ratio are known. This determines the total
heat added which is then distributed over the heat addition zone. The
heat addition zone is bounded laterally by the wall, and the streamline

~ which emanates from a point defined by the height of the external burning

stream at the inflow. The total energy input per unit time is obtained

from the air flow and fuel-air ratio and is given by equation 3-6.

hy, f£t-1b .
e = 778 m,(T’:)wv,, ( — r) [3-6]
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Where LHV is the lower heating value of ﬁydrogen and is taken to be 52000
BTU/1b,. This total energy input must equal the integral of the assumed
distribution of heat addition per unit volume over the heat addition Zone.
~ After writing the air flow in terms of freestream conditions and the
inflow stream height y,, this equality written in non-dimensional form

becomes:

(i'f)(’f:;:j:"=)=(%:)(é;)ff(,:—:_;3 4%

lg.

The heat addition zone is defined by the beginning and end points of the
exbansion surface, and the upper and Tower lateral boundaries. The upper
boundary is the wall, and the lower boundary is taken as the streamline
starting at the inflow stream height y, which changes as the solution
marches in time. This equation is satisfied at each time step by traéking
the bounding streamline and numerically integrating the heat additioé
distribution. A coefficient which pre-multiplies the distribution
function is then adjusted such that equation 3-7 is satisfied at all times
as the solution converges and the bounding streamline moves. Note that
the left hand side of the equality is equal to the heat addition term in
equation 2-20 which facilitates comparison between the Euler and control

volume results.




undar nd i n

The 1nflow is assignéd uniform freestream conditions, and the entire
flowfield is initialized to these conditions. At the outflow boundary, a
zero axial gradient is specified by overwriting the solution at the
outflow plane with that from the last interior column for both supersonic

and subsonic regions.

The wall boundary is treated using a method suggested in reference 55
which is applicable for both supersonic and subsonic flow. First, the
solution at the wall is obtained using backward differences. The velocity
vector so obtained is not in general tangent to the wall, i.e. a finite
normal velocity exists. This normal velocity is computed and a finite
unsteady cohpression or expansion wave of the proper magnitude is
introduced at each wall grid point such that the induced velocity of the
wave is equal to and cancels the ﬁorma1 velocity. The conditions
downstream of the wave then correspond to the corrected state variables at

the wall.

The lower lateral boundary is treated using the method of characteristics
extrapoiation of reference"sé for supersonic points, and a simple
extrapolation from the adjacent interior point {if subsonic flow exists
downstream of strong shocks passing through the boundary. For the free-
Jet boundary model, extra grid is added below the free-jet with a separate
inflow at the same static pressure, a specified total temperature, and a

low subsonic Mach number. The free-jet slip line is thus "captured" as
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. the solution develops in time. At the lower computational boundary, the
velocity components are extrapolated from the adjacent 1nterior pointﬁ,
and the static pressure and total temperature are set to the inflow

values.

Results

Features of a 2-D inviscid external burning flowfield with three different
distributions of heat addition imposed on it will be examined first and
compared to control volume analysis results. Next, the effects of grid
refinement and artificial damping on the solutions are examined. Finally,
the 2-D inviscid and control volume results are compared over a range of

Mach numbers.

Prior to computing the relatively complex external burning flowfields, a
number of test cases were run to verify that the program would properly
solve a wedge-compression, a Prandtl-Meyer expansion, and a constant area
heat-addition (Ray]eigh) flow. These test cases are presented in appendix
B.

f of Heat Addition ributi

A 15° expansion at Mach 1.4 was chosen so that results may be directly
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compared to the control volume analysis of section 2. In all three cases
to be presented in this section, the 80 by 40 grid shown in figure 3-2 was
used with a damping coefficient of .025. The grid density was biased
toward the leading edge of the exp;hsion to resolve the relatively small
inflow stream height, and the complex interactions in this region. The
total heat additioﬁ is commensurate with that of the Mach 1.4 example fuel
injector design given figure 2-7, i.e. an equivalence ratio of 1.00, and
inflow stream height (yo/yb)4of .0865 are used in equation 3-7 to determine
the total heat added. fhe heat addition zone was bounded by the beginning

and end points of the expansion ramp in the axial direction, and by the

" wall and streamline in the trénsverse direction. The same total energy

addition was distributed in three different ways within these boundaries.
The first distribution is simply a constant over the entire area as shown
in figure 3-3. The streamlines of the converged solution appéar in the
figure and indicate a delay in the expansion of the external burning plume
which fesu]té in significant deflections in the freestream. The second
distribution employed a Gaussian function in the axial direction to more
closely approximate what may be expected in a real mixing and combustion

situation. This distribution is depicted in figure 3-4a and causes an

initial compression in contrast to the constant heat addition case. The

functional form used, shown in figure 3-4b is maximum at the leading edge
of ihe expansion, and decays to zero at the trailing edge. The third
distribution shown in figure 3-5a is a variation on the second, where the
Gaussian axial distribution is retained, and a parabolic variation in the
transverse direction is added. The maximum is placed at the midpoint

between the wall and boundihg streamline. At the wall and bounding
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streamline, half the maximum value is imposed. The resulting streamline

pattern is very similar to that of the second case.

Mach number contours for the three cases are shown in figures 3-6 through
3-8 a]ong.with the corresponding wall Mach number and pressure coefficient
distributions. For case 1 (the constant distribution) the freestream
initially expands to a higher Mach number and then recompresses through an
oblique shock. Following an initial expansion to Mach 1.7, a quasi-
Rayleigh flow region (constant area heat addition) appears in the heated
stream up to an axjal station of about .2, at which point the wall Mach
number is rapidly reducéd to a subsonic value of about .4 through what
appears to be an extension of the freestream shock. An interesting
interaction thus results where the shock pressure jump imposed on the
freestream boundary of the heated region accompanies an abrupt transition
to subsonic flow and a stream area increase in the plume, which in turn
determines the strength of the freestream shock. The pressure coefficieﬁt
distribution reflects the same phenomena, an initial expansion; a region
of gradually increasing pressure, and a rapid recompression. Following
the recompression, the now subsonic plume transmits the pressure impressed
on'it by the deflecting sﬁpersonic stream directly to the wall. At the
outflow p]ane,'the freestr;ahvflow is again parallel to the 1nf10w, and

very near the inflow pressure.

The 2-D perfect gas form of the control volume analysis described in
chapter II gives a thrust coefficient value (as defined in equation 2-4)
of .032, while integration of the 2-D Euler wall pressure distribution




yields a force coefficient of .028. The force increment due to external
burning is the.appropriate parameter to compare, and for the 2-D inviscid
case, a Prandt1-Meyer expansion is used as the baseline. A 15° expansion
at Mach 1.4 results in a force coefficient of -.388. The force increment
due to heat addition as predicted by the control volume analysis is thus
.420 as compared to the 2-D Euler value of .416 ihich is about 1% lower.
A summary of a1l 2-D Euler runs to be discussed in this section appears in
table 3-1.

The Mach number contours for the case 2 heat addition distribution
(Gaussian in the axial direction) are shown in figure 3-7a. In contrast
to case 1, more heat is added at the corner and the heated stream is
" immediately driven to a .6 Mach number. The freestream is initially
compressed through a shock which again coincides_with the location of the
supersonic-subsonic transition in the heated stream. The wall pressure
then follows that impressed on the plume by the freestream which gradually
expands and recompresses, exiting at the inflow pressure. Despite
-substaﬁtial differences in the flowfields and pressure distributions
between this case and case 1, integration of the wall pressures gives the

" same thrust coefficient of .028.

The flowfield generatéd by the third heat addition distribution appears in
figure 3-8. The parabolic transverse heat addition distribution obviously
causes transverse Mach number gradients in the plume resulting in a
curvature of the sonic line. The freestream flow is essentially identical

to that of .case 2. The character of the wall Mach number distribution is
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also similar, becoming subsonic at about the same location, but with an
increase in the overall level. The wall pressure distribution is barely
discernable from that of case 2 and results in a thrust coefficient of

.030 which is identical to cases 1 and 2 for all practical purposes.

The thrust coefficient is thus independent of the manner in which heat is
distributed for the cases examined herein, and matches the value given by
the control volume analysis. Good agreement with the control volume
analysis is to be expected however, since both methods satisfy the same
set of conservation equations. As long as the 2-D Euler flowfield does
not severely violate any of the control volume assumptions such as linear
theory on the bounding streamline, and parallel, uniform inflow and
outflow, the results should be comparable. - As discussed in the
devé1opment of the control volume x-mpmentum equation (2-8), a variation
in the axial distribution of heat would change the shape of the bounding
streamline and the associated pressure-area integral term. Since this
term was relatively insignificant, the streamline shape was approximated
by a straight line, which eliminated all dependence on axial distribution
from the control volume results. As gvidenced by the 2-D Euler results,
the shape of the bounding streamline is affected by changes in the heat
addition distributions, but is of little consequence in terms of the
thrust coefficient.

Other parameters which can be compared on a less exact basis are the
control volume area ratio and outflow velocity. The control volume area

ratio given by equation 2-13 is 13.2. From the streamlines in figures 3-3




through 3-5 it is apparent that the heated stream in the Euler solutions
expands by about this amount. Equation 2-9 indicates that the outflow
velocity will be higher than inflow for positive thrust coefficients. For
this particular case, an outflow to inflow velocity natio of 1.19 is
given. Velocity profiles for the Euler solutions at the ramp trailing
edge station are plotted in figure 3-9 for all three heat addition
distributions along with a 1ine representing the control volume value and
exit plane stream height. The profiles are not uniform, but do exhibit

velocities higher than the inflow velocity with a mean value near 1.19.

The 2-D Euler results compare well both qualitatively and quantitatively
to the control volume analysis despite non-uniform outflow, and non-linear
shock waves on the plume boundary. The independence of thrust coefficient
to changes in heat addition distribution {s primarily an inviscid
phenomena. The sharp recompressions seen as the heated stream transitions
to subsonic flow may induce boundary IaQer separation, which would prevent
high pressure on the wall surface. The interaction between the heated and
unheated streams which caused the sharp recompression in all three cases

may be a limiting factor in actual practice.

Effect of Artificial Damping

Artifical damping was required to stabilize the solutions, and a question
naturally arises as to the effect of the added damping terms which are

related to viscous effects on the converged solutions. Only in very few
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cases would a solution converge without a non-zero damping coefficient as
defined above in equation 3-5. The results of the previous section wefe
all run with a C4 value of .025. The case 2 heat addition above was chosen
as the baseline, and the solution was repeated on an identical grid with
the damping coefficient halved, then doubled. The solution would not
converge with zero damping. Mach number contours for the three cases are
shown in figure 3-10. The most obvious effects are an increase in the
thickness of the plume boundary as damping is increased, and an increase
in pre-shock oscillations at reduced damping. The wall pressure and Mach
number distributions showed little effect of changes in damping. The
thrust coefficients were also very similar being .034, and .029 for the
minimum and maximum damping cases respectively. Overall, damping
coefficients of this magnitude have only a superficial effect on the

thrust coefficient.

Effect of Grid Refinement

A1l of the preceeding results were run on the 80 by 40 grid shown in

figure 3-2. Increasing the grid density results in longer run times per

iime step, and requires more time steps to converge. It is of interest
therefore to détermine the minimum adequate grid density. In the
transverse direction, there must be a sufficient number of nodes near the
wall to resolve the heat addition distribution and bounding streamline for
the heated stream, which for the previous cases is only .087 base heights

wide at the inflow plane. Also, the thickness of the plume boundary is a
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number of grid spacings wide depending on the amount of damping used.
This boundéry will appear to be artificially thick on sparse grids
although this does not seem to affe;t the thrust coefficient considerably.
In the axial direction, sufficient gfid is required near the beginning of
the expansion to resolve steep gradients caused by the wall angle and heat
addition. The effect of grid density on the computed flowfield is seen in
figure 3-11 where Mach number contours are plotted for 50 by 25, 80 by 40;
(figure 3-2) and 100 by 50 grids. The damping coefficient of .025, and
the grid distribution seen in figure 3-2 were held fixed. The shock wave
in the freestream, and the plume boundary both appear to get thinner as
grid density increases since tﬁey'éfe spread over a fixed number of nodes.
Wall pressure distributions shown in figure 3-12 show some differences at
the expansion corner. The 50 by 25 grid does not resolve the initial
expansion as well as the others, and this is reflected in the slightly
higher thrust coefficient value seen in table 3-1. Also note that the 100
by 50 grid yié]ds a .414 change in tﬁrust coefficient which is 1.4% lower
than the control volume value. The 80 by 40 grid gives a .416 change in
thrust coefficient which is comparable to the fine grid result and is

considered adequate for this class of problems.

Effect of Freestream Mach Number

Euler results at selected points along a 1000 psfa trajectory were run
with the 80 by 40 grid, .025 damping coefficient, and case 2 heat addition

distribution. The total heat added is commensurate with the results in
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figure 2-7 ‘for the example fuel injector geometry at constant fuel
conditions. Figure 3-13 includes Mach number contours at four different
freestream Mach numbers along the trajectory. The increase in the number
of contour lines as Mach number increases {s caused by the contour
increment being held constant at .05. The most prominent effects of
increasing freestream Mach number are the steepening of wave angles, and
the coalescence of waves at the trailing edge of the ramp as the plume is
turned baék to the axial direction. Wall Mach number and pressure
distributions appear in figures 3-14 and 3-15 and show that at Mach 2.4,
the plume is actually slightly supersonic just upstream of the corner and -
a weak shock wave forms. A sharp reduction in Mach number occurs near the
leading edge of the expansion in all cases, which is coincident with the
recompression seen in the pressure distributions. The peak pressure moves
downstream slightly as freestream Mach number increases consistent with
the sonic point in the plume. In figure 3-16, the thrust coefficient is
plotted versus freestream Mach number along with the control volume
results of figure 2-5c. The two methods of analysis agree well over the
entire range, demonstrating the validity of the control volume approach
which completely disregards the complex flowfield details brought out by

the Euler analysis.

fEuler Analysis Summary

The 2-D Euler equations with an external heat addition term retained in

fhe energy equation were used to model drag reduction by external burning
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on an expansion surface. The equations with artificial damping terms
added, were solved using MacCormack’s time-marching, finite difference
technique. Three different spatial distributions of a constant total heat
addition were imposed on a Mach 1.4 freestream flowfield. The thrust on
the expansion surface determined by numerical integration of the wall
pressure distribution was independent of the heat addition distribution
and agreéd well with the value given by the control volume analysis. Grid
refinement and reduced artificial damping had the expected effect of
reducing the thickness of the plume boundary and shock waves, but had
little effect on the thrust coefficient. A sharp pressure rise in the
heated stream at the sonic 1ine was noted for all three distributions of
heat addition. This is caused by an interaction of the elliptic region of
the plume with the supersonic freestream and may be a limiting factor in
external burning performance since viscous effects may cause the plume to
separate from the wall surface before the maximum inviscid pressure is
reached. Control volume results showed excellent agreement with the Eh]er
analysis over the range of freestream Mach numbers from 1.2 to 2.4, which
substaﬁtiates some of the simplifying assumptions used in the control

volume analysis such as linear theory on the bounding streamline, and

 uniform outflow.
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CHAPTER IV - EXPERIMENTAL PROGRAM

Background

The performance potential demonstrated by the control volume and Euler
analysis warranted a series of preliminary proof of concept experiments
that are the subject of this chapter. One of the objectives of the
experimental program was to prove that the external burning of hydrogen
would reduce drag on a simple expansion ramp at transonic flight
conditions and to provide data for comparison to control volume analysis
results. The external burning concept originally envisioned by the author
employed the combination spraybar-flameholder pictured in figure 4-1.
Reca11 the control volume analysis .result from chapter II that the
specific impulse performance was greatest at low equivalence ratio, and
high inflow stream height. Use of a spraybar to fuel the inflow instead
of relying solely on jet penetration would provide for independent control
of the inflow stream height without reliance on jet penetration from the.
wall, making a lower equivalence ratio, higher performance system more
feaﬁib]e. This arrangement would also provide a more uniform fuel
distribution and a flameholding point out in the stream. The spraybar
would be deployed transonically, and inject 2/3 of the total fuel normal
to the freestream in both directions. The remainder of the fuel would be

injected from the wall.

An important precursor to an external burning test however is stable
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combustion. Further, combustion must be initiated at the proper location,
and must be complete within an appropriate length. Heat release far
behind the aircraft or test article would be of little value in the
reduction of drag. Hydrogen is not widely used as a heating or aviation
fuel and does not have as substantial a flame stability database as
hydrocarbon ‘fuels. The low pressure and temperature, and high velocity
conditions existing in the region where external burning is to be employed
led to flame stability concerns. Another objective of the experimental
program was thus to study the combustion characteristics of hydrogen and

air in the external burning environment.

The experiments were conducted in a 12" diameter, Mach 1.26 free-jet over
a range of freestream pressures and temperatures. This particular Mach
number was chosen due to the availability of the free-jet nozzle. The
preliminary nature of this test program did not warrant fabrication of new
nozzles. A complete description of the test facility appears.in a
subsequent section. Given the 12" exit diameter in which to work, an
approximately 1/50 scale expansion ramp model representing the entire aft-
end of a single-stage-to-orbit vehicle was constructed complete with the
spraybar. This model was to provide results for comparison to the control
volume predictions. Preceeding tests of this model, a 1/5 scale section

of the spraybar only was tested to obtain the flame stability information.

The 1/50 scale expansion ramp model was plagued by problems with silver-
soldered joints used to fabricate the tiny spraybar as the gaseous

hydrogen fuel did not provide sufficient cooling. The model also caused
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‘ unsatisfactory operation of the free-jet due to high blockage. In
hindsight, the low equivalence ratio spraybar design philosophy was nbt'
practical at least for the small scale models tested. Flame stability
considerations also tended toward a stoichiometric design for which jet
penetration from the wall is adequate. Given this and other practical
problems associated with the spraybar concept such as cooling, drag, and
actuation, it was abandoned in favor of a wall injection scheme. Re-
designed expansion ramp models were subsequently fabricated and tested
successfully. The spraybar geometry used in the flame stability tests was
related to the abandoned concept, however it was sufficiently generic that
the data obtained was used to verify and extend existing stability
correlations to the sub-atmospheric, non pre-mixed, transonic conditions

of present interest.

Hydrogen-Air Flameholding Previous Work

Flame stability, although not the primary focus of the present work, is
crucial to the successful application of external burning. The intent of
the following discussion is to review the flameholding process and define
the envelope of flight cond{tions within which external combustion is
feasible using fhe available data and correlations of previous workers.
This provides the rationale for the preliminary flame stability tests in

the present work.

Flame stability is important in a wide variety of applications as




evidenced by a review of the flameholding literature which reveals a
bewildering array of publications covering a wide variety of applications
from heating systems to aircraft propu]sion. Since the main interest of
the present work is the practical abplication of this technology to the
external burning problem, the discussion which follows focuses on
appropriate empifica] results in lieu of the complex details of
flameholding physics. Thg objective is to understand the important
parameters in the combustion stability limits of an unmixed hydrogen-air

system at transonic altitude conditions.

A simple observation made in 1955 by Zukoski and Marble®® provides a basis
for the study of the fiame stability afforded by a bluff-body or
flameholder which generates a recirculating region of hot combustion

products in its wake:

"If V .is the free stream Qe]ocity and L the length of the
recirculation zone, then the ratio L/V is a measure of the time
which the fresh gas spends in the neighborhood of the hot combustion
products. In fact, the critical time 7 required for ignition of the

free stream is given by

t = L/Vy, | [4-1]

where V; o is the measured blowoff velocity."
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Experimental data is presented for a stoichiometric mixture of gasoline
vapor and a number of different flameholder shapes which supports
Zukoski’s conclusion that the ignition delay time 7 is independent of
gross fluid dynamic features and depends on the speed at which the

chemical reactions takes place.

"The similarity parameter describing the stabilization phenomenon is
thus V7/L and in particular the blowoff condition is described by

the value

Y0t ' [4-2]

The chemical and fluid dynamic effects are separated into 7 and L
respectively. The usual dependence of blowoff velocity on the
flameholder size follows immediately from the behavior of L and

hence is determined by the fluid dynamics."

The bulk of all data correlat1ons and more sophisticated ana1yt1ca1 models
are rooted in this simple explanation of the flameholding process.

Restricting attention to hydrogen and air, the first comprehensive
experimental results found by this author was the work of Dezubay®’ in
1954. Dezubay’s experiment consisted of a 1.32" diameter glass tube in
which disk flameholders of various diameters were concentrically strut-

mounted. A pre-mixed stream of air and gaseous hydrogen flowed through
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the glass tube with flame initiated in the wake of the disks. Tests were
carried out at static pressures of 2 to 6 psia and ambient total
temperature giving a range of subsonic velocities. At a desired test
condition, the fuel air ratio was varied to establish both lean and rich
stability limits. The stability map so obtained is reproduced in figure
4-2 where the fuel-air ratio at blowout is correlated with velocity,
pressure and disk diameter. The ratio of vé1ocity to diameter which
appears is consistent with Zukoski’s argument except for the .74 exponent
on the disk diameter which Dezubay justifies on a theoretical basis.
Dezubay’s parameter also contains the static pressure which is of interest
in relating these results to altitude conditions. As a flight vehicle
climbs and accelerates through the transonic flight regime, the conditions
for flameholding become more severe due to increasing velocity and
decreasing pressure. In figure 4-3, lines of constant \lt,/Po'61 which is the
Dezubay correlating parameter for a 1" diameter disk are superimposed on
a trajectory map to give a first indication of the operability of external
burning. From figure 4-3 a value of 800 is the most severe condition at
which f]ameho]ding is possible for siight]y fuel-rich conditions. For the

high altitude 500 psfa trajectory, this limit is reached at about Mach

| 1.4, and at about Mach 2 for. the Tow altitude 2000 psfa trajectory shown.

Obviously these 1imits are extended by use of a larger flameholder, but a

‘ pressure 1imit of 2 psia (45000 ft.) should also be recognized below which

combustion may not be feasible no matter what size flameholder is used.
No experimental information on hydrogen-air combustion at pressures less
than 2 psia was found except for some high altitude ramjet combustor data

at 1.7 psia®® but very low velocity compared to the present situation.
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The preceeding extrapolation of Dezubay’s results to the present problem
is tenuous for a number of reasons. First, the correlation data were all
subsonic and the extension to supersonic flow is not obvious. Secondly,
the fuel and air will not be pre-mixed at a carefully controlled ratio.
The hydrogen will be injected into the air at some distance upstream of
the flameholder. Finally, the flameholder used in practice will probably
be two-dimensional and of much larger scale requiring a correlation
between the recirculation zone lengths of circular and two-dimensional

shapes.

The work of Hinterfe1d5§ provides some. information on the issues of
supersonic velocity and non pre-mixed flow. Winterfeld’s test apparatus
consisted of rotationally symmetric flameholders mounted concentrically in
a LaQa] nozzle with the flameholder base coincident with the nozzle exit.
Initial tests were in a pre-mixed hydrogen-air stream with a cylindrical
flameholder of 6 mm diameter mounted concentrically in a nozzle of
variable area ratio from 1.0 to 1.7 giving a range of flow velocities from
subsonic to supersonic. Since all tests with this apparatus were.
conducted at atmospheric pressure and with a constant flameholder
diameter, results were presented in terms of the flow velocity and the
*air ratio" wh{ch is the inverse of fuel-air equivalence ratio. The
stability limit determined by Winterfeld is easily put in terms of
Dezubay’s stability parameter and appears with Dezubay’s 1ihit in figure
4-4. Winterfeld’s pre-mixed result shows stability to lower fuel-air
ratios than that of Dezubay, and to a flow velocity of 1770 feet per

second. The maximum flow velocity and rich limits were not obtained due
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to facility limitations. Dézubay'# results were apparently unknown to
Winterfeld at the time and so the reasons for this discrepancy are not
discussed. The obvious differences between the two experiments ‘are the
higher static pressure and supersonic flow used by Winterfeld, and
differences in the flameholder geometry and mounting arrangement. The
disks repreéent a larger effettive blockage than a cylinder of equal
diameter. Also, the cylindrical flameholder base was coincident with the
nozzle exit while the disks were completely enclosed. Despite these
differences, Winterfeld’s results provide confidence to apply Dezubay’s

correlation at supersonic speed.

Another series of experiments reported by Winterfeld in reference 59

~examined the flameholding characteristics of hydrogen diffusion flames.

The apparatus used for these experiments was similar to that discussed
previously, only somewhat larger with all of the fuel injected by the
flameholder itself. Flameholder diameters of 10, 20 and 30 mm were fested
at a Mach number of roughly 2.1 in a Laval nozzle of 115 mm exit diameter
(the different diameter flameholders resulted in a slight Mach number
variation). Again, all tests were conducted at ambient total temperature,
and roughly 1 atmosphere pressure. Hydrogen fuel was introduced near the
base thfough‘an annular slof. Injection angles of 90° (perpendicular to
the freestream), 45°, and 0° (parallel to the freestream injected directly
into the base region) were investigated. The recirculation zone gasses
were sampled with and without flame to infer the fuel-air. ratio at
flamgout. The ratio of measured recirculation zone length to freestream

velocity and the air ratio were used as correlating parameters.
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| Winterfeld reports that at the lean limit, the L/d of the recirculation
zone for the cylindrical flameholder is 2 for both parallel and norm§1
fuel injection. This allows the results to be cast once again in terms of
the Dezubay parameter and included in figure 4-4. The lean stability
limit for the diffusion flame is nearly coincident with Dezubay’s pre-

mixed data.

Winterfeld’'s results, for pre-mixed and diffusion flames help to reinforce
the extrapolation of Dezubay’s correlation to the present conditions of
figure 4-3, 'However, no hydrogen-air experimental data could be found to
relate the characteristics of two-dimensional flameholders to the
axisymmetric shapes discussed above. Some insight can be gained however
by recalling the argument of Zukoski and Marble that the important
parameter is the length of the recirculation zone, and that this is
determined by the fluid dynamics. In reference 56 Zukoski and Marble
provide data for a circular cylinder mounted transverse to the flow. The
measured wake lengths correlated with the square root of the cylinder
diameter for diameters from .19" to 1" and approach flow velocities from
100 to 650 feet per second. For approach flow velocities in excess of
about 300 feet per second, the value of L/D'? was constant at 6.5. The
chrious square root dependence‘was attributed to boundary layer separation
upstream of the aiametra1 plane which is Reynolds number dependent, and
blockage in the 4" high passage across which the cylinders were mounted.
Another series of tests were run on an axisymmetric cone-cylinder and a
two-dimensional wedge-plate of thickness equal to the cone-cylinder

diameter. These results showed 1ittle Reynolds number dependence and
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indicated that wake length was proportional to cylinder diameter or plate
thickness, and that the measured L/D of 2.3 was the same for both the
axisymmetric cone-cylinder and the transversely mounted plate. These
results suggest that a two-dimensidnal flameholder will have stability
characteristics similar to a disk of diameter equal to the two-dimensional

flameholder’s height.

A1l of the work discussed in the preceding paragraphs gives confidence
that hydrogen-air flame stability will not preclude the successful
application of external burning to the transonic drag problem. No one
experiment however is direct]j applicable to the current situation of a
two-dimensional, non pre-mixed, supersonic flow at sub-atmospheric
pressure. It is for this reason that preliminary flame stability tests

were conducted in the present test program.

Facility Description

The experimental program was conducted in cell 4 of the Propulsion Systems
Laboratory (PSL-4) at the NASA Lewis Research Center. PSL-4 is 25 foot
diameter cylindrical altitude chamber used for full-scale direct-connect
turbine engine testing. Large continuous flow compressors and exhausters,
located in a separate central air equipment building adjacent to PSL,
supply high presﬁure air and altitude exhaust capability to the facility

making it ideal for operation of a free-jet. The high pressure air or
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"combustion air" system which normally supplies air to the turbine engine
test article has recentiy been modified® to provide even higher pressure
and temperature conditions representative of a Mach 5 compressor face
condition.  This was accomplished by augmenting the original heat-
exchanger type air heater with a hydrogen-air burner and oxygen make-up.
Downstream of the burner, a 4 foot diameter, approximately 8 foot long
water-cooled flow conditioning duct is used to reduce distortion upstream
of the test article. The free-jet used for the present tests was bolted
to the end flange of the flow conditioning duct. Figure 4-5, taken from
reference 60 is a cut-away drawing showing the hypersonic modifications.
The free-jet was installed in place of the "hot pipe" which was an initial
facility calibration test article. Safety considerations dictated that
approximately 75 pounds per second of secondary air be admitted into the
altitude chamber at the forward bulkhead for the purpose of test cell
cooling and dilution of unburned hydrogen. A1l freejet and secondary air
was exhausted from the test cell through a 55" diameter duct, concentric

with the free-jet near the aft end of the chamber.

The desired transonic test conditions did not require operation of the
hydkogen-air heater, although all of the free-jet air did paés‘through
burners which piaced an uppervlimit on the air flow of about 100 pounds
per second. The original heat-exchanger was used during the present tests
to elevate the free-jet air total temperature from nominally 540° R to
about 1000° R during selected runs. The free-jet used was an existing 12"
exit diameter, Mach 1.26, conical nozzle previously calibrated in the NASA

Langley Mach 4 engine test facility®'. It was instrumented with three

-
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static pressure taps equally spaced circumferentially at both the throat

and exit. During normal operation, the free-jet supply pressure was set

~ so that the average free-jet exit static pressure matched that of the

altitude chamber. Although altitude chamber pressure and free-jet supply
pressure were controlled separately, it was possible to maintain the
matched condition at the free-jet exit to withinv.os psia. The free-jet
installation was capable of broviding a range of test conditions from 4 to

12 psia.

Hydrogen fuel was supplied by high pressure tube trailers located outside
the building. Fuel pressure at tﬁe free-jet was controllable from 50 to
400 psia, at a nominal temperature of 520°R. A fuel-rich hydrogen-air
preburner was used during initial tests to preheat the fuel to 1500°R at
equivalence ratios of approximately 13. Operational problems with this

system preciuded it’s use for the most of the test program.

Spraybar Test Apparatus and Procedure

| The test articles were a 5/8" diameter section of spraybar-flameholder

which spanned the entire 12" free-jet exit. Figure 4-6 is a photograph of
one of the spraybar models mounted horizontally across the free-jet exit.
The 5/8" diameter corresponded to approximately 1/5 scale based on
preliminary sizing calculations for a fuel-lean spraybar injection system.
Figure 4-7 is a three-view drawing showing details of the spraybar. The

cylindrical leading edge and flat trailing edge cross-section was
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maintained over the entire 12" but only the center 6" was drilled with
fuel injection orifices. The original mechanical design was based on a
5/8" diameter stainless steel pipe to which stainless steel fairings were
brazed at the diametral plane extending downstream to form the desired
base geometry. This method of construction proved to be unsuitable with
the combination of heating and thermal expansion quickly causing failure
of the brazed joints. The models were subsequently redesigned, being
machined from a solid block of stainless steel to the cross-section shown

in figure 4-7 with the two 90° elbows welded on.

Equivalence Ratio Estimate

In. feducing the flameholding data, a key parameter is the fuel-air
equivalence ratio. For situations where known quantities of fuel and air
are pre-mixed far upstream of the flameholder, this parameter is easily
calculated. For non pre-mixed or diffusion flames, gas sampling of the
wake can be used to infer the fuel-air ratio at flameout as was done in
reference 59. For the present case, gas sampling equipment was not
available so a different approach was taken. From the control volume
analysis, the parameters of importance in external burning are the inflow
air stream height, and the overall equivalence ratio in the external
burning stream. To size fuel injection orifices a method of estimating
equivalence ratio based on fuel jet penetration was described in chapter
2. The same method will be used here with the understanding that it is

more an estimate of the overall amount of fuel and air involved in the
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external burning process, than a measure of the actual fuel-air ratio in
the wake of the flameho]der. It should therefore be thought of as a
correlating parameter for the flame stability results, and not a measured

quantity.

The 'pénetrétion times spacing” method previously described will be
outlined here for convenience. The fuel flow is simply determined for the
choked injector at a given fuel pressure, temperature and flow
coefficient. For the spraybar with pilots, the appropriate amount of
pilot fuel is included. The air flow involved is estimated based on
freestream conditions and a flow area defined by the jet penetration times
the orifice spacing. The jet penetration is determined by a correlation
which gives the height above the injection plane where the hydrogen
concentration is 1/2% by volume in terms of the fuel pressure, freestream
conditions and the distance downstregm of the orifice. The distance
downstream of the orifice at which to calculate the jet penetration is
somewhat subjective, but again does not diminish the methods usefulness as

a correlating technique.

Fuel Jnjectof Sizing

A total of 6, .10" diameter main orifices injected fuel normal to the
freestream in both directions. "Note the offset between the three upper
and three lower orifices in figure 4-7. The orifice size and spacing were

designed to give fuel-air equivalence ratios in the fuel-lean range based
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on the penetration times spacing estimate. The spraybar pictured jn
figure 4-7 had 15, .020" diameter pilot orifices which injected
approximately 10% of the fuel directly into the wake. A spraybar without
these pilot orifices was also tested. Given a range of freestream
pressures from 4 to 12 psia, and fuel pressﬁres from 50 to 406 psia,
operating envelopes can be constructed in terms of the estimated
equivalence ratio and the Dezubay stability parameter. These operating
envelopes are pictured in figure 4-8 for different values of x/d” which is
a free parameter in the jet penetration correlation, and free-jet total
temperatures of 540° and 960° Rankine. Ambient temperature fuel, and an
orifice flow coefficient of .8 was assumed in all cases. Within a given
envelope, increasing fuel pressure increases the equivalence ratio along
a vertical line. Increasing altitude (reducing static pressure),
increases the value of the Dezubay stability parameter. The effect of
increasing the assumed x/d” is to increase the value of Jet penetration
used to define the air flow in the equivalence ratio estimate (see
equation 2-27). This increase in air flow at constant fuel flow reduces
the equivalence ratio proportionately. Fortunately, the jet penetration
depends on x/d" to approximately the 1/4 power, so that a large variation
in the assumed x/d* has rejative]y little effect on the estimated
eﬁuivalence raiio. This is demonstrated in figure 4-8 where x/d’ is
increased by a factor of 4, and the maximum equivalence ratio is reduced
by 47%. For the spraybar with no pilot injectors, the calculated

.equivalence ratios are reduced by 10%.




Instrumentation

To define flame stability limits, only the freestream and fuel conditions
need be known, along with some way'of determining when the barely visible
hydrogen-air flame extinguishes. The freejet nozzle throat end exit were
instrumented with three static pressufe taps each, equally spaced
circumferentially. Total pressure and temperature were measured at three
points on the large flange Qisible in figure 4-6 to which the freejet was
attached. An open 1/16" stainless steel tube was strapped to the spraybar

base to measure base pressure.

An infra-red video camera; mounted inside the altitude chamber had been
used previously to monitor the surface temperatures of turbojet engine
components. For the present investigation, the camera was mounted so as
to look through the external burhing plume. The field of view obtained
with tﬁe widé angle lens used is debicted in figure 4-9. The 2.0 to 5.6
micron indium-antimonide detector in the camera provided a good image of
the 2.6 micron water vapor emission in the external burning plume. This

was the primary method used to determine flame-out.

A schlieren system was set'up inside the altitude chamber in close
proximity to the free-jet providing the 6™ by 12" field of veiw also shown
in figure 4-9. Vibration, test cell cooling air flow, and altitude
conditions resulted in a rather severe environment for the sensitive
schlieren optics and xenon 1light source. In spite of numerous

difficulties, useful information was obtained from the system during much
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of the test program.

A water-cooled probe was used to obtain total temperature profiles 18"
downstream of the free-jet exit. The probe had a single iridium-40%
rhodium vs. fridium thérmocoup1e of bare wire in crossfiow construction.
An electric screw-type actuator provided 10" of travel allowing |
measurement from 8 inches below the free-jet axis to 2" above as shown in
fjgure 4-9. The data reduction scheme for this measurement is included as

appendix c.

A color video camera with remote pan, tilt, and zoom provided a good

overall view of the experiment looking upstream from above the free-jet.

Jgnition System

Ignition was accomplished during initial teéts by strapping a ceramic
insulated electrode to the flat base of the flameholder. This electrode
was‘connected to a 10,000 volt continuous transformer arcing directly to
the spraybar. The insulated electrode often burned away following
ignition prompting the 1nsfa11ation of a translating spark plug
arrangement. Both ignition systems are visible in Figure 4-6. The long
vertical tube is the translating ignitor shown in the extended position.
The tube itself acted as the ground electrode, and contained the high
voltage electrode which arced against it at the tube end. Following

ignition the tube was withdrawn completely out of the free-jet flow by a
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pneumatic cylinder. The .060" spark gap was positioned approximately 1/8"

downstream of the spraybar base at the elevation of the upper surface.

t Pr ur

The tesf.ce11 pressure was set first to the desired level, then free-jet
supply pressure was increased to the calculated value of stagnation
pressure for an isentropic Mach 1.26 flow. The stagnation pressure was
then adjusted slightly so as to match the measured average free-jet exit
static pressure to the test cell pressure. With the free-jet on-design,
the fuel-rich hydrogen-air preburner was ignited producing fuel conditions
of approximately 1500° Rankine and 350 psia. Model ignition was then
attempted with the spark ignitor. Following ignition the air supply to
the fuel preburner was shut off and the fuel temperature quickly dropped
to ambient. Ignition of the model in this manner was only possible ét a
free-jet exit static pressure of 10 psia or greater, and even then was not
assured. Tactics such as varying the preburner air supply pressure thus

varying the unburned fuel fraction and temperature, and cycling the

- ignitor actuator to change the spark location were often used to achieve

ignition. A catastrophic failure in the preburner fuel-air valving system
during the spraybar tests prevented its use for the rest of the program.
Without hot fuel, an alternate method of ignition was adopted in which the
free-jet stagnation pressure was reduced until the free-jet exit Mach
number based on the exit static pressures was about 0.8. Ignition of

ambient temperature fuel at the subsonic Mach number was much more
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consistent and was used for the remainder of the program.

Following ignition of the spraybar, the free-jet supply and test ce]j
pressure were adjusted simu1tanéous1y to the desired altitude condition
with fuel pressure at or near the maximum available. This corresponds to
moving along the maximum fuel pressure line on.the operating maps. of
figure 4-8. As stated earlier, the free-jet supply and test cell
pressures were controlled independently by separate personnel. During the
altitude change process the free-jet did stray off-design, sometimes
causing instabilities and flame-out. In general, once the desired
altitude condition was set with the free-jet on-design, fuel pressure was
reduced slowly, reducing the equivalence ratio at a constant value of the

Dezubay parameter until flame-out occurred.

Results

Spraybar Base Pressure Measurements

During initial runs with the spraybar installed in the free-jet, a
terminal shock appeared in the schlieren image downstream of the spraybar.
This was not unexpected at the Mach 1.26 freestream condition, however the
shock position did change as the free-jet strayed off-design, proﬁpting
interest in the sensitivity of the spraybar base pressure to the free-jet
exit pressure ratio, since pressure affects flame stability. Figure 4-10

shows schlieren images of the free-jet operating slightly overexpanded,



on-design, and slightly underexpanded. The terminal shock is seen clearly
on either side of the spraybar wake. The schlieren knife edge was
oriented horizontally resulting in the apparent lack of symmetry from top
to bottom. In figure 4-11, the effect of shock movement on the spraybar
base pressure is shown. The base pressure is three-tenths of the free-jet
exit pressufe and is insensitive to shock movement for on-design and
underexpanded conditions. The base pressure rises sharply however as the
free-jet becomes overexpanded and the shock moves upstream. As a result,
a rather tight tolerance was put on the acceptable operating condition for
the free-jet. [Except for cases where the free-jet was deliberately
operated off-design, and during altitude changes, all of the spraybar and
expansion ramp tests were run at free-jet exit pressure ratios of between
.99 and 1.01. The back pressure for the terminal shock then is the same
as the free-jet exit pressure, and this was deemed to be most

representative of a flight condition. _

The effect of combustion on the base pressure is shown in figure 4-12.
External burning increases the pressure ratio to about .7 regardless of
altitude or fuel pressure. Although not the purpose of the spraybar
tests, this represents a significant reduction in the drag of the spraybar

or any other,two-dimensiona1'step flameholder which may be employed.

Flame Stability

Conditions at which the flame extinguished appear in figure 4-13 for the
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'piloted spraybar, in terms of the penetration times spacing equivalence
ratio and the Dezubay stability parameter. An x/d’ of ten was used to
calculate the equivalence ratio, and the corresponding operating envelope
is also shown. No flame-outs occurred at 12 psia at the minimum fuel
pressure. Filled symbols denote flame-outs that occurred at high fuel
pressure during an altitude change. Since the free-jet design condition
could not be maintained during this operation, these points are somgwhat
anamalous but are included for completeness. The flame-out points fall in
a band somewhat outside the Dezubay pre-mixed stability boundary. This is
not unexpected since as discussed earlier the penetration times spacing
equivalence ratio may not'accurater represent the local fuel-air ratio in

the base which controls flame stability.

Even without detailed knowledge of the local equivalence ratio, this
result provides confidence in the Dezubay correlation for external burning
conditions. A non pre-mixed, two-dimensional system can be expected to
work at altitude to values of the Dezubay parameter in excess of 800 at
stoichiometric or slightly fuel-rich conditions. For a fuel-lean system,
operation would be limited to Tower values of the Dezubay parameter. In
the design of a flight system, the extra stability margin afforded by
stoichiometric 6peration must-be weighed against the performance benefit
of fuel-lean opération shown by the control volume analysis. For small-
scale drag reduction experiments where the flameholder dimension is
disproportionately large to begin with, a stoichiometric system is

desirable.
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The spraybar without pilot orifices was tested in the same manner with
ignition at subsonic speed and ambient temperature fuel. Despite repeated
attempts, flame-out always occurred near Mach one as the free-jet supply

pressure was increased_toward the supersonic design value.

A flame-out that occurred at elevated freestream temperature at 6 psia is
also shown on figure 4-13. For static pressures of 8 psia and greater the
flame was stable down to the minimum fuel pressure with no flame-outs.
Curiously, repeated attempts to set a 4 psia condition at maximum fuel
pressure resulted in flame-out. The 4 psia condition at 960° R represents
the Towest Reynolds number tested being about 2.7 million per foot as well
as the lowest free-jet mass f]ow.. Control of the free-jet during altitude
changes near.these minfmum flow coﬁditions was difficult. Off-design
excursions and reduced fuel-air mixing rates probably both contributed to
these high fuel pressure flame-outs. Note that the operating envelope
shown in figure 4-13 applies only to the 540°R points; refer to figure 4-8
for the 960°R envelope.

The Dezubay parameter contains no explicit temperature dependence, so one
would not expect it to correlate data with varying temperature[ The
effect of higher temperature is to increase the rate at which the chemical
reactions take place thereby reducing the ignition delay time. Based on

the arguments presented earlier this translates into a higher freestream
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velocity at flame-out for the same size flameholder. Thus, the stability
limit at elevated température should occur at greater values of the
Dezubay parameter. Since the total temperature in flight during an
acceleration through the transonic regime will increase with increasing
velocity, a 1limit based on data at ambient total temperature is
conservative. The Dezubay parameter 1is therefore still considered

acceptable for the external burning situation.

Scaling of Small-Scale Test Results

In anticipation of the smaller scale drag reduction experiments which were
conducted following the spraybar flame stability tests, an attempt was
made to determine whether or not sub-scale experimental results would be
adversely affected by the finite rate at which hydrogen and air react.
Knowledge of "chemical kinetics" as it affects ignition and reaction delay
is important in assessing any small-scale external burning test result
since these characteristic times depend on fuel type, fuel-air ratio,
pressure and temperature 4but do not vary with model scale. A one
miliisecond 1gnition de]ay_at the freestream velocity will correspond to
a greater fraction of the modei length at small-scale than at full-scale.
This could lead to unrealistically poor performance and flame stability
problems at the model scale. For the present case of non pre-hixed
hydrogen and air streams, the rate of fuel-air mixfng also plays an
important role in the combustion process and is properly modeled by

matching the Reynolds number. If the delay caused by the reaction




kinetics is insignificant compared to that resulting from fuel-air mixing,
the process is said to be "mixing limited". For a mixing limited
situation, sub-scale results would be similar to full-scale at the same
Reynolds number. A common practice in combustor testing is to use full
scele hardware (at least in the axial direction) thus making scaling or
correction for chemical kinetics effects unnecessary. Full scale testing
of the entire aft end of a flight vehicle is impractical however,
especially in the 12" diameter free-jet available. In the interest of
determining whether or not the spraybar tests were mixing limited,. infra-
red images of the plume at elevated free-jet temperature and pressure can
be compared to images at the same Reynolds number, but reduced temperature
and pressure. The fuel-air mixing process should be similar for the two
conditions, so a difference in the plume characteristics can be attributed
to non-equilibrium reaction effects. If the images show comparable axial
distributions of hot water vapor, the process can be considered mixing
limited as long as the difference in freestream pressure and temperature

was sufficient to appreciably alter the reaction rates.

A free-jet exit static pressure of 12 psia at a total temperature of 960°R
results in a unit Reynolds number of 4.9 million per foot. The same
Reynolds number occurs at a static pressure of 6 psia and total
temperature of 540° R. To confirm that the difference in reaction rates
between the two test conditions is adequate to alter the plume if the
process is not mixing 1imited, reference is made to the work of Bahn® whe
studied the effects of pressure, temperature and fuel-air ratio on

hydrogen-air kinetics. Bahn’s analytical approach involved 25 reactions
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and was used to compute ignition delay and time to complete reaction. The
ignition delay was defined as the time to maximization of HO, which was
found to play an important role in the ignition process. The time to
complete reaction was defined arbitrarily as the time it takes for the
reaction to proceed to a temperature of 2200°K. The lack of a strict
definition is of little consequence however since the complete reaction
occurs almost instantaneously following ignition. The calculations were
carried out at constant pressure for given initii] temperatures and fuel-

air ratios.

For the present purpose of estimating the difference in reaction time
between two test conditions, the pressures are relatively well defined as
6 and 12 psia, but the appropriate initial temperature and fuel-air ratio
are not. Fortunately, the effect of fuel-air ratio was found to be small
for equivalence ratios from 1/4 to 4. If the free-jet total temperature
is assumed for the initial mixture temperature, an unrealistically long

ignition delay would be predicted. In fact the lowest initial temperature

reported by Bahn was 650°K (1170°R) for which the computed ignition delay-

is over eight minutes. The appropriate initial temperature must obviously
be nearer that of the flameholder recirculation zone since ignition and
reaction did occur just downstream of the spraybar. Using an average
free-jet velocity and a distance of one foot gives a time increment of
about .8 millisecond for which an appropriate initial tempefature

according to Bahn’s charts would be about 1000°%K.

In the pressure and temperature regime of present 1nterest; the effect of

" -y



pressure is not clear. A "double reversal" occurs near one atmosphere
where increasing pressure causes a sharp rise in the ignition delay time.
At higher or lower pressure the usual trend of reduced ignition delay with
increased pressure applies. The doubling of freestream pressure from 6 to
12 psia therefore cannot be relied on to reduce the ignition delay. The
effect of témperature however exhibits no such reversal, and a 100%
increase in initial temperature, results in roughly an order of magnitude
reduction in ignition delay time. The reaction length should be
significantly shorter then at the elevated free-jet temperature. If the
combustion process is not mixing limited, i.e. if the reaction length is
significant compared to the distanée required for mixing, combustion will

appear further upstream.

Before examining the infra-red images, a brief explanation of the
calibration method will be given. The infra-red signal generated by
hydrogen-air combustion products in the 2 to 5.6 micron detector rarige is
largely due to hot water vapor which emits at a wavelength of 2.6 microns.
The amplitude of the signal depends on the molar density, temperature, and
emmittance of the water vapor as well as the path length or thickness of
the plume. The infra-red imaging system which consisted of the video
camera énd a'processor record# and displays temperature contours over the
entire field of view based on a single emittance input by the user. This
is an adequate approach for mapping the surface temperature of a gray body
but is not suitable for measuring gas temperatures. The emmittance of the
plume at 2.6 microns varies with temperature so a single representative

emmitance which would properly convert the radiation signal into
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temperature does not exist. The approach taken was to record the images
with the emmittance set to one, then calibrate the temperatures usiﬁg
total temperature data from the water-cooled probe. Measured temperature
profiles were compared to temperatures reported by the camera at the same
Tocations. The minimum and maximum temperatu}es reported by the camera
were assigned the measured minimum and maximum temperatures resulting in
a linear mapping between camera temperature and actual gas temperature.
This mapping was then applied throughout the entire field of view. This
approximate approach implies a one to one correspondence between the
radiation signal and gas temperature which may not be strictly valid, but

is adequate for the present purpose of making a qualitative comparison.

Calibrated infra-red images of the plume at the nominal free-jet total
temperature of 540° R appear in figure 4-14 for two different fuel
pressures. The total temperature profiles used to calibrate the images
are shown in figure 4-14c. The infra-red images are somewhat coarse,
consisting of a 256 by 60 array, and exhibit a horizontal feature which is
a characteristic of the imaging system and not of the plume. Combustion
is more vigorous at 350 psia as evidenced by the images as well as the
temperature profiles. The 250 psia condition is near the stability limit.
Some asymmetry from top to boftom is noted and the reason for this is not
known. Most 1m§ortant1y though, a delay in the onset of combustion is
seen at both fuel pressures. Infra-red images at the same Reynolds
number, but at the elevated free-jet temperature and pressure are
presented in figure 4-15 along with the temperature profiles used for the

calibration. Again, combustion is more vigorous at the higher fuel
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pressure, although neither case is near the stability limit, and again a
slight asymmetry is apparent. The most prominent difference between the
hot and cold cases is the reduced distance from the spraybar to the onset
of combustion for the hot case. In.making a qualitative comparison of the
hot and cold 1mages, the unavoidable slight differences in estimated
equivalence ratio and jet penetratidn should be noted. The jet
penetration being of somewhat more significance since the ignition delay

is relatively insensitive to equivalence ratio.

The overall impression given‘by the infra-red images and temperature
profiles is that the increased freestream pressure and temperature did
cause a reduction in the ignition delay distance at the same Reynolds
number.- The spraybar combustion process at this Reynolds number then is
not mixing 1imited, being affectéd to a degree by a change in the reaction
kinetics. This result implies that model scale would have an affect on
the performaﬁce of external burning. Sub-scale test results however would
be conservative, since flameholding would be more difficult, and any heat
release occuring downstream of the test article probably serves no useful
purpose.  Although detailed small-scale experimental results may not
directly apply to a larger scale flight vehicle, successful application of
the external burning concept at small-scale leads to a high confidence in

full-scale success.

Expansion Ramp Tests Apparatus and Procedure
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The objectives of the expansion ramp tests were to verify drag reduction,
and provide data for comparison to analysis results. Figure 4-16 serves
to illustrate that although the expansion ramp tests were preliminary and
generic in nature, the model geometry used is related to the aft end of a
representative vehicle. The upstream flat surface from which fuel was
injected represents the engine cowl. The downstream surface which is
deflected 12° represents the deflected cowl and exhaust shear layer. The
12° turn generates a Prandt1-Meyer expansion and corresponding Tow pressure

which external burning is to eliminate.

A 3-view drawing of one of the expansion ramp models appears in figure 4-
17. Two models were constructed, identic31 except for the spacing and
diameter of the fuel injection orifices. Each model was machined from a
single slab of 3/4" thick stainless steel. The expansion surface
downstream of the 12° corner was flame-sprayed with a zirconium-oxide
coating which provided the only thermal protection other than the
freestream air which impinged on the unfueled side of the ramp. The
models were instrumented with two rows static pressure taps, 18 on
centerline, and 12 off-centerline as well as two static pressures on the
3/4*_high base. A row of 5 ;hermocouples were imbedded in the expansion
surface to monitor surface-tehperature. The "baseline" flameholder shown
is a 1/8" high by 1/4" wide piece of stainless steel bar stock mounted
such that the trailing edge was coincident with the 12° corner. The
expansion ramp models were installed in the free-jet in much the same way
as the spraybars. A photograph of the expansion ramp installation appears

in figure 4-18. The sidewalls extending beneath the model were installed
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to prevent the highef pressure air under the expansion ramp from spilling
around and affecting the external burning process. Gaseous hydrogen fuel
was supplied through the right (looking upstream) 90° elbow visible in the
photo.

The infra-red camera, Schlieren system, and water-cooled total temperature
probe as depicted in figure 4-9 were also used during the expansion ramp

tests.

Fuel Injector Sizing

Thé fuel injectors on the two models were sized for zero drag using the
design procedure outlined in chapter II (see equations 2-30 and 2-31). An
x/d" of 10 was used in the Jet penetration correlation. The fuel-lean
design had 8, .044" diameter orifices for zero drag at an equivalence
ratio of 1/2. The other model was designed for zero drag at
stoichiometric conditions with 26, .025" diameter orifices. A1l orifices

were equally spaced and drilled normal to the surface 1/2" upstream of the

- 12° expansion corner. Total temperature profiles just downstream of the

model trailing edge obtained in initial tests of the 26 injector model,
suggested that the equivalence ratios actually obtained were somewhat
lower than predicted and that an x/d' of 30 in the Jjet penetration
correlation would be more appfopriate. This lowers the estimated
equivalence ratios by about 26%. An x/d" of 30 is thus implicit in any

subsequent mention of estimated equivalence ratio for the expansion ramps.
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No results are reported for the low equivalence ratio, 8 injector pode] as
it was unsuccessful in sustaining combustion in the Mach 1.26 flow. It
was subsequently redrilled with 56, .018" diameter injectors for zero drag
at stoichiometric conditions using an x/d" of 30. This design exhibited
good flame stability.

Flameholder Sizing

During the initial design of the expansion ramp models, it was unknown
exactly yhat size flameholder would be appropriate. Given the relatively
small model scale, a disproportionately large flameholder with respect to
the fueled stream height would be required to remain within the Dezubay
pre-mixed stability limit for all test conditions. During initial tests
of the 26 injector configuration, an attempt was made to stabilize
combustion without a flameholder, using only the disturbance created by
the fuel injection process.  While stable combustion was maintained, the
flameholding site as evidenced by the infra-red video monitor. was
coincident with a boundary layer separation halfway down the ramp surface
and had little effect on the ramp sdrface pressures. The need for a
flameholder to initiate combustion further upstream was apparent, and the
1/8" height of the "baseline" flameholder was determined to be the minimum
conceivable in the following manner. Figure 4-19 depicts operating
envelopes for the 26 injector design in terms of the Dezubay parameter and
estimated equivalence ratio for 1/8" and 1/4" high steps. The dimension

used in the Dezubay parameter is twice the step height due to symmetry; a
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step actually represents one-half of a spraybar type flameholder. The
1/4" step falls within the stability 1imit over much of the altitude range
at high fuel pressure, but is disproportionately large. The minimum value
of the Dezubay pafameter for the 1/8" step is lower than 800, but outside
the stability Toop due to the low estimated equivalence ratio. The
equivalence ratio is a global value though, and it was thought that the
mixture in the flameholding region would vary enough that stoichiometric
regions would exist. Also, the disturbance due to fuel injection should
afford additional stability. Finally, the stability limit shown is
obviously not exact, being only a guideline based on limited data at these
conditions. It was thus decided to begin with a 1/8" step as the baseline

flameholder.

Test Procedure

The fuel pre-heater was not used during the expansion ramp tests. Fuel
temperature as measured near both 90° elbows was nominally 520° R. Unless
otherwise noted, all tests were run at a free-jet total temperature of
540°R. As with the spraybar tests, ignition was accomplished using the
trans]aiing Spark ignitor a{.a subsonic free-jet condition. The .060"
spark gap was positioned approximately 1/16" downstream of the trailing
edge of the flameholder, with the ground electrode 1/16" off of the model
surface with the ignitor fully extended. The inability of the spark to
ignite the model at the Mach 1.26 condition is considered a result of

incorrect spark positioning. Adjusting the spark position involved a
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' relatively lengthy facility shutdown and hydrogen purge procedure and so
an optimum position which may have made supersonic ignition possible was
not pursued. Following ignition, the free-jet supply pressure was
increased to the design value and the altitude condition was set in the
same manner as in the spraybar'tests. Once on condition, data was
generally taken at various fuel pressures from maximum to flame-out, with

fuel off, and with fuel on at the maximum fuel pressure but not burning.

Expansion Ramp Test Results

The baseline configuration consists of the 26, .025" diameter fuel
injection geometry with the 1/8" high by 1/4" wide flameholder. Results
for this configuration will be presented in detail first, with comparisons
to the control volume analysis. .This is followed by results of model and
test cell modifications done to study facility interference, and reconcile
the experimental data with the control volume analysis. Next, the effect
on performance of a number of perturbations on the baseline fuel injection
andlflameholding geometry is given. Finally, flame stability data for all
of the model configurations is presented. A summary of expansion ramp
configurations tested is givén in table 4-1, and details of the various

flameholders are contained in appendix D.

Baseline Performance




The aerodynamics of the expansion ramp with fuel off is somewhat more
complex than was originally desired. Figure 4-20 shows centerline and
off-centerline pressure distributions over the range of ambient pressures
tested. A dotted line representin§ a 12° Prandt1-Meyer expansion is also
shown for reference. At the leading edge, a pressure coefficient of -.3
exists, followed by a rapid compression. The expansion at the leading
edge is attributed to an upwash caused by a detached bow shock. The model
leading edge was sharp_with'the upper surface parallel to the freestream,
but the Tower surface was at a 14° angle. The 5° required for an attached
shock at Mach 1.26 was impractical given the 1ength available. Since the
bow shock at Mach 1.26 is neariy.isentropic, the flow is again supersonic
following expansion around the knife edge. Another bow shock caused by
the flameho]derAthen causes the_compression to a pressure coefficient of
roughly .25. The expansion around the flameholder base and 12° turn is
evident at model station 3. The centerline pressure distributions show an
initiaT overéxpansion followed by a fecompression to a region of constant
pressure at roughly the Prandtl-Meyer value. At model station 6, a "hump"
in the distributions is seen with pressure rising to greater than ambient,
then reducing to near the sub-ambient base pressure at the trailing edge.
This is characteristic of a shock-boundary layer interaction which is not
unexpected at transonic conditions. The magnitude of the hump however is
influenced by wave reflections from the free-jet boundary. This will be
discussed in a subsequent section on facility interactions. The off-
centerline distributions do not exhibit the region of constant pressure at
model station 6, and only rise to ambient pressure at about model station

10, but are in general similar to the centerline distributions which
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indicates little potential for transverse flow on the ramp surface. Both
centerline and off-centerline distributions with fuel off show little

variation with altitude.

The result of simply injecting fuel with no subsequent combustion on the
centerline pressure distributions is shown in figure 4-21 where the fuel
off and fuel on distributions are plotted together. The effects are most
pronounced at 4 psia where the jet penetration and estimated equivalence
ratio are maximum, and Reynolds number is minimum. The influence of fuel
injection is felt upstream, all the way to the leading edge for the 4 and
8 psia conditions. Downsfream of the expansion, the effects are slight at
8 and 12 psia, but at the 4 psia condition, the pressure force on the ramp

is clearly reduced by fuel injection.

Following the subsonic ignition procedure, combustion was sustained at
Mach 1.26 to a minimum estimated equivalence ratio of 0.5. A visual
observation of the flame indicated that it was attached at the 1/8" high
flameholder. Pressure distributions during external burning at various
fuel pressure§ and altitudes appear in figure 4-22. External burning
eliminates the overexpanéiop at model station 3, and results in a
relatively consfant pressﬁre'along the entire ramp length. The base
pressure measured on the 3/4" model trailing edge more closely matches the
ramp surface pressures with combustion. The effects of fuel pressure and
altitude are almost negligible despite large changes in the jet
penetration and estimated equivalence ratio. The flat nature of the

pressure distributions and the fact that the base pressure is not
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significantly different are indications of the elliptic nature of the flow
on the ramp. Unfortunately, it is difficult to distinguish between a
sepérated flow, and an attached flow driven subsonic by combustion as both
may result 1ﬁ the observed pressure distributions. The 2-D Euler results
of chapter III indicated that a sharp pressure gradient may accompany the
transition to subsonic flow within the plume, which substantiates the
separation argument, but without detailed off-surface measurements, it is

difficult to distinguish between the two.

The 35mm camera system used to take still Schlieren photos was unavailable
during runs with the baseline configuration, but was installed for
subsequent tests with other model configurations. Features of the
Schlieren images changed 1ittle however for all configurations tested as
evidenced by a video monitor in the control room. Typical Schlieren
images with fuel off, and with external burning appear in figure 4-23.
The profile of the model upper surface is clearly visible to a point near
the trailing edge. The sharp leading edge of the model is at the

intersection of the upper surface with the sidewall profile but is

~ obscured by the 5/8" diameter elbows used for support and fuel supply.

The bow shock standing off of these tubes is evident in all of the images,
and is nearly coincident with the fuel injection and flameholding
disturbances. The fuel off image shows much more shock structure, and a
separation point roughly halfway down the ramp surface. With external
burning, the most prominent feature is the density gradient at the plume

boundary. Much less structure is evident in the freestream apparently as
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a result of reduced turning as the plume fills the void left by the model.
Within the plume, the absence of any structure indicates subsonic flow,
but from these images alone it is impossible to distinguish between an

attached flow driven subsonic by combustion and a separated flow.

Total temperature profiles obtained 4" downstream of the expansion ramp
trailing edge and 1" off the centerline are shown in figure 4-24. The
effect of increasing fuel pressure and altitude is clearly seen as both
the temperature and vertical extent of the plume increase. Fuel pressure
and altitude increases result in higher jet penetration and estimated
equivalence ratio. Temperatures approaching hydrogen-air stoichiometric
are seen at the highest altitude, 4 psia condition. The marked variation
in plume characteristics 1is in sharp contrast to the pressure
distfibutions of figure 4-22 which shoyed little or no variation with fuel
pressure or altitude. The profiles exhibit a definite peak near the free-
jet centerline at the boundary between the external burning plume and the
freestream. The lower boundary of the plume is less definite, extending
below the elevation of the model base. No inference can be drawn.

regarding the state of the boundary layer from these profiles.

Infra-red 1mage$ corresponding to three of the temperature profiles of
figure 4-24 appear in figure 4-25. The images were calibrated using the
same procedure outlined previously for the spraybar testﬁ. The same
temperature scale was used for all three of the images so a direct
comparison can be made. Hot model surfaces appear as saturated regions

since the calibration used is only valid in the plume. Dramatic increases
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in the size and intensity of the external burning plume are apparent as
the estimated equivalence ratio increases. At the highest equivalence
ratio, a cooler regioh near the ramp surface is visible, and a delay in
the onset of combustion is apparent with the maximum temperature occurring

near the trailing edge of the model.

Comparison_to Control Volume Analysis

The control volume equations presented in chapter II predict the axial
thrust coefficient given the model geometry, freestream conditions, and

the inflow stream height and equivalence ratio. Since it is more

practical to specify as input the fuel conditions and fuel injector

geometry, the inflow stream height and equivalence ratio were estimated
using the jet penetration and the penetration times spacing method. In
attempting to match an experimental reSult, it is of interest to insure
that the inflow stream height and equivalence ratio estimates are not
seriously in error. To this end, the total temperature profiles measured
approximately 4" downstream of the model trailing edge are taken to
represent the outflow temperature, and are compared to the equilibrium
temperature at the estimated‘équivalence ratio used in the control volume
analysis. The penetration times spacing method yields this equation for

the equivalence ratio:
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One of the assumptions in the control volume énaIysis is that the inflow
and outflow conditions are uniform. To obtain a representative value of
total temperature from the measured profiles, all temperatures within 20%
of the peak were averaged. These average plume temperatures for the
baseline and all of the other configurations tested at ambient free-jet
total temperature are plotted in figure 4-26a versus the estimated
equivalence ratio obtained from equation 4-3 using an x/d" value of 30.
These data encompass all of the different flameholder geometries, and two
different spacing ratios (the 26 and 56 injector models) as well as
various other variations inc]ud}ng upper sidewalls, fairings, etc. A
degree of correlation is provided by equation 4-3 but the data seems to
stratify into two separate groups representing the two different orifice
spacing'ratios, and falls below the equilibrium curve for low equivalence
ratios. Since the control volume analysis uses the equilibrium curve,
this would result in an optimistic performance prediction. The
penetration times spacing method, which seems to provide the appropriate
functional form, can be revised to provide a better degree of correlation
based on the present data. 'First, the exponent on spacing ratio is
changed to 1/2 to collapse the data into a single curve. A better fit

with the equilibrium values results from changing the fuel pressure
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dependence from an exponent of .517 to 1.0, and adjusting the constant
from 5.304 to .336. The x/d’ term is also Tumped into the constant and the

revised equation for estimating equivalence ratio is as follows:

( Pg, )(Pc.u-s)'“a(i)
P P .
®ors = -129 C, 52 T"° 2l [4-4)
5 S
\ TC,O d.

The average plume temperatures are replotted using the new estimate in
figure 4-26b. Equation 4-4 inés a good estimate of the "effective"
equivalence ratio based on the experimental outflow temperatures. It
reflects any reduction in combustion efficiency caused by incomplete
mixing and ignition delay. Since these factors may depend on scale and
mode] geometry, the validity of equation 4-4 outside the range of
parameters iﬁ the presént experimenf cannot be guaranteed. It is now
simply a correlation with it’s functional form suggested by physical
reasoning, and exponents adjusted intuitively to match the present data.
The equivalence ratio so defined will be referred to as the correlated

equivalence ratio in all subsequent discussion.

Given the correlated equivalence ratio, and measured fuel flow, the
corresponding amount of air involved can be determined, which is in
general different than that given by the penetratioﬁ times spacing method.
Assuming that the inflow stream height is still equal to the jet

penetration, the inflow conditions could be adjusted so as to give the
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proper massflow. This would lead to an fterative process though, since an
adjustment in the inflow conditions would affect the Jet penetration.
Alternatively, freestream conditions can be assumed for the inflow, and a
stream height consistent with the airflow can be calculated independent of
the jet penetration correlation. Taking this approach, the effective
height of the air stream is given by the following:

Yo o 56,15 (E/NETS .-
oA 55.18(Pt'w /P [4-5]

Note that the inflow stream height calculated in this manner is only a
function of the orifice geometry, and the freestream Mach number, and is
independent of fuel and freestream conditions. The equivalence ratio and
inflow stream height given by equations 4-4 and 4-5 can now be used in the
control volume analysis as better approximations than those given by the

original penetration times spacing method.

The experimental thrust coefficient was determined based on area-averaging
the static pressure distributions. Separate thrust values were computed
based on the centerline and off-centerline rows, then the two values were
averaged using a 2/3 weighting on the centerline value, and 1/3 on the
outboard. This somewhat arbitrary weighting between the centerline and
outboard rows is of little consequence since the pressure distributions
are so similar. The predicted and measured drag coefficients are compared
in figure 4-27. Equilibrium hydrogen-air combustion and three-dimensional

expansion assumptions were used in the control volume analysis. In figure
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4-27a, the penetration times spacing method was used with an x/d" of 30 to
estimate the equivalence ratio for both the experimental data and the
control volume results, thus the inflow stream height used in the control
volume estimate equals the jet penetration. As stated earlier, the model
was originally designed for zero thrust at stoichiometric conditions. The
control volume prediction curve passes through zero thrust at an
equiva]ehce ratio different than one because an x/d" value of 10 was used
originally in the design, and also the experimentally determined orifice
flow coefficient of .83 is now taken into account. The equivalence ratio
and inflow stream height based on the data correlation is used in figure
4-27b and results in a broader range of equivalence ratios, with the
predicted zero drag point at an even lower equivalence ratio. The
measured thrust coefficient shows 1ittle variation with equivalence ratio

and is below the control volume prediction regardless of the method used.

The performance of external burning in terms of a drag reduction per unit
fuel flow is difficult ‘to assess since as stated above, the fuel off
resu]té are susceptible to interference from the free-jet boundary above

the model. To provide some sense of scale however it should be noted that

~ the thrust coefficient resulting from a 12° Prandt1-Meyer expansion is -.4.

The actual fuel off thrust coefficient would be closer to zero howe#er due
to the beneficial effects of boundary layer separation and three-

dimensional effects.

Facility Interaction Studies
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The disparity between measured thrust coefficients and the control volume
prediction may at first seem completely attributable to boundary layer
separation. However, characteristics peculiar to the external burning
flowfield must be considered before this conclusion can be drawn. The
control volume analysis (equation 2-9) indicates that the plume velocity
is weakly proportional to the thrust coefficient. For the s1ight1y
negative thrust coefficients obtained experimentally therefore, the plume
velocity should be nearly equal to freestream. In contrast to a classical
wake flow which reaccelerates to the freestream velocity due to large
transverse velocity gradients, the subsonic external burning plume may
persist for a considerably longer distance downstream of the model in the
absence of velocity shear. The only mechanism tending to increase the
plume Mach number is the reduction in sound speed caused by heat transfer
acroﬁs the plume boundaries. Pressure distributions on the ramp are thus
susceptible to upstream communication 6f disturbances which may occur well
downstream of the model such as in the facility exhaust collector. This
and other possible sources of facility interference which were studied are

depicted schematically in figure 4-28.

In close proximity to the model, is a Qub-ambient pressure region at the
3/4" high mode]lbase (see figure 4-22). The blunt base and the airflow
which is channeled beneath the ramp by the sidewalls does not exactly
represent the generic external burning outflow conditions considered thus
far, i.e. a simple turn back to the freestream direction. The fact that
the pressures on the ramp during burning were nearly equal to this base

pressure gives rise to a concern that the model base region may have




108

influenced the results.

The free-jet boundary also provides a possible source of interference,
since disturbances generated by the model would be reflected back and
impinge on the plume as waves of the opposite family. This would tend to
have an equalizing effect on thrust, since a compression wave generating
high pressure on the ramp would be reflected back as an expansion, tending

to depressurize the plume.

Effect of Exhaust Collector Modification

Any experiment involving combustion within the PSL-4 test cell requires an
amount of cooling and dilution airflow consistent with safety guidelines.
This auxiliary air is admitted into the test cell at the forward bulkhead
and flows around the flow conditioning'duct and free-jet at about 80 fps
keeping the test cell walls and electronic equipment cool as well as
providing enough dilution so that if the hydrogen fuel is not burned in
fhe experiment, the mixture which flows out of the test cell is still
inert. The free-jet air and auxiliary air exit through an exhaust
collector at the rear of the cell which is simply a round duct 55" in
diameter. The leading edge of the exhaust collector was located 51"
downstream of the model trailing edge, and'did not have any type of
bellmouth contour. The relationship of the exhaust collector and model is
depicted in figure 4-29. Since the leading edge of the duct was

relatively sharp, the possibility existed of a sharp-lip separation and
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* vena-contracta which would cause a low pressure region through which the
external burning plume would flow. The exhaust collector was subsequent1y
instrumented with a row of 11 static pressure taps shown in figure 4-29.
Pressure distributions at ambient pressures of 12, 8, and 4 psia are shown
in figure 4-30 for the 75 pps of auxiliary air nominally used. The 4 psia
condition where the velocity is highest at the inlet due to the constant
auxiliary air mass flow, shows a definite sharp-lip separation and low
pressure throughout the duct. The possibility of this low pressure
feeding forward to the model prompted a re-installation of the exhaust
collector such that the leading edge was 105" downstream of the model.
Following this, a study of the effect of auxiliary air flowrate on the
duct pressure distribution was done at the 4 psia test cell condition.
The results of this study appear in figure 4-31 and indicate that by
reducing the auxiliary air flow to 40 pps, the separation and low pressure
is eliminated. It was concludeq that 40 pps of auxiliary air was still
within safety 1imits and all subsequent testing was done at this flowrate.
The effect of reducing the auxiliary air flowrate and moving the exhaust
collector entrance downstream on external burning performance is shown in
figure 4-32 to be negligible however. It can be concluded therefore that
the low pressure region located about 5 feet downstream of the model did

not feed forward through the subsonic plume and reduce performance.

Effect of Plume Boundary Simulator

The trailing edge of the model does not exactly represent the intended
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geometry depicted in figure 4-16. The external burning plume should turn
back to the flight direction immediately downstream of the vehicle. The
finite model base height, and air flow beneath the model combine to create
an area of low pressure in the bage'region as evidenced by the pressure
distributions in figures 4-20 throughﬁ 4-22. To provide a definite

boundary for the ekterna] burning plume, thereby more closely modeling the

. intended situation, a flat plate was installed downstream of the model,

parallel to the freesyream. The 12" square "plume boundary simulator"
installed behind the model is shown in figure 4-33. It was constructed in
the same manner as the expansion ramp models using a 3/4" thick slab of
stainless steel, with a zirconfum4oxide coating on the upper surface. The

plate had a row of 11 static pressure taps on the centerline spaced at 1"

“intervals, and a transverse row of 5 taps at the midpoint. The outboard

leading edges of the plate were machined to a 10° knife edge to reduce
blockagg. The total 'temperatufe probe actuator was moved 1" .off
centerline aﬁd a 3/4" diameter hole wés drilled in the plate, to allow the
water-cooled total temperature probe to pass through. A test was run with
the hole plugged td insure that the centerline pressure measurements were

not affected by the hole.

The Euler analysis described in section 3 was used to demonstrate the
equivalence between a solid boundary parallel to the freestream, and the
actual situation where freestream flow deflects the plume. The Euler
analysis assumes a perfect gas, so heat addition based on the fuel heating
value and fuel-air ratio would tend to result in too much heat being

added. So that a more representative heat addition was used in modeling
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the experiment, 2-D perfect gas, and 2-D real gas control volume
calculations were compared over the range of equivalence ratios tested to
determine the equivalence ratios to be used 1in the perfect gas
calculations which result in the real gas thrust coefficient values.
These reduced equivalence ratios appear in table 4-3 along with the
corresponding experimental conditions. The heat addition distribution
used was Gaussian in the axial direction and constant in the transverse
direction, as this gave pressure distributions having characteristics
similar to the experiment. The Gaussian distribution used was slightly
different than that used in section 3 and is depicted in figure 4-34.
Although additional numerical experimentation could have been undertaken
to more closely match experimental pressure distributions, this was not
the objective of the Euler analysis. The purpose of these calculations

was simply to validate the use of a plume boundary simulator.

The 12° expansion ramp profile was modeled with both types of downstream
plume boundaries. A 100 by 50 grid shown in figure 4-35a was used for the
solid boundary case. To model the freestream inflow boundary, 20 points
were added in the transverse direction as shown in figure 4-35b. The heat
addition corresponding to a correlated equivalence ratio of .452 was used
for fhis comparison (see iéb]e 4-2). Streamlines and heat addition
contours for both cases appear in figure 4-36. The momentum of the
subsonic plume is small compared to that of the freestream, due to the
large reduction in density at about constant velocity. The plume is
therefore quickly turned back to the axial direction by the upper

freestream flow as evidenced in figure 4-36b where deflection of this
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auxiliary freestream is negligible. Mach number contours for both cases
which appear in figure 4-37 are very similar as well, with the only
difference being the large transverse gradient between the "upper
freestream and the plume. The expansion surface pressure distributions
compared in figure 4-38 are nearly coincident over the entire ramp surface
and result in a negligible difference in thrust coefficient. The solid
wall is thus a valid representation of the true lateral plume boundary, at
least for the 2-D inviscid case. The equivalence of these two boundaries
may not be as clear if the plume is separated, since the solid boundary
hinders reverse flow into the separated region. Despite this, the plume
boundary simulator provides a known boundary and a better experimental
simulation of the intended external burning geometry than the basic

expansion ramp model.

Centerline pressure distributions with and without the plume boundary
simulator are shown in figure 4-39a with fuel off along with the 2-D
shock-éxpansion theory result for reference. Upstream of 8" the

distributions are similar. Downstream of this point the baseline

" distribution falls off to the low base pressure while the distribution

with the plume boundary simulator peaks at the 12° corner. The pressure
then quickly decays to a zéro pressure coefficient. There was little
effect of ambient pressure on the fuel off distributions, the 8 psia cases
shown are representative of all altitudes. The transverse row of static
pressure taps on the plume boundary simulator at the 20" station showed no

transverse variation in pressure at all conditions and so are not
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presented. The plume boundary simulator thus eliminates the troublesome
region of low pressure immediately downstream of the expansion ramp and
provides a definite lateral boundary for the plume. A comparison of
centerline pressure distributions with external burning appears in figureé
4-39b through 4-39d for high, low, and intermediate correlated equivalence
ratios. Pressures upstream of the expansion are comparable, but a
definite increase in expansion ramp pressure is induced by the plume
boundary simulator at all equivalence ratios. The pressure is still
independent of equivalence ratio however, Qnd does not rise above ambient

to a level consistent with control volume predictions.

Total temperature profiles appearing in figure 4-40 at the same three
conditions show comparable levels of temperature but a more symmetric
shapé than those of the baseline configuration in figure 4-24. An
increase in thrust coefficient is seén in figure 4-41 over the entire
range of equivalence ratios tested. Even less variation with equivalence
ratio is evident with the plume boundary simulator installed. The test
arrangement is now considered free of interference from flow beneath the
model and a low base pressure region. Thrust coefficients remain below
predicted values however and do not exhibit the expected variation with

equivalence ratio.

Effect of Free-Jet Boundary

The model size was obviously large with respect to the free-jet exit.

L |
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Ideally, the model would have been sized to fit completely within the
conical area formed by Mach lines emanating from the nozzle 1ip, commonly
referred to as the "test rhombus” of the free-jet. In external burning
tests where an accurate thrust measurement is to be made, it would be
advisable to size the installation even more conservatively, including a
sizable portion of the subsonic plume within the test rhombus since
disturbances impinging on the subsonic plume near the model trailing edge
may feed forward. In the present tests, the free-jet size was determined
by availability of the existing Mach 1.26 nozzle. Also, facility air flow
capability would have precluded use of an appreciably larger free-jet.
Considerations in sizing the expansion ramp models included ease of

machining the small fuel injection orfices, as well as instrumentation,

~flame stability, and scaling. The models could not be made small enough

to fit within the test rhombus, however it was decided that this situation
was acceptable due to the preliminary nature of the experiments. To
increase confidence in the data obtaiﬁed, the magnitude of the free-jet
boundary effect on thrust was estimated using the Euler analysis.
Solutions in which a "flight" boundary condition was imposed on the lower
computational boundary, (as in figures 4-37) were compared to cases where
a free-jet boundary was used. The free-jet boundary was captured in the
solution by extending the lower boundary of the grid shown in figure 4-35a
beyond the 6" free-jet exit radius and imposing a 1ow speed inflow to this

region. The static pressure and total temperﬁture match that of the free-l
Jet. The solution would not converge if a zero velocity was 1mposed, SO
a .3 Mach number inflow was used. This is still a good representation of

the actual case since the velocity adjacent to the nozzle was not zero due
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“to the auxiliary air flow and ejector pumping of the free-jet. The 100 by
80 grid used, pictured in figure 4-42 had the same grid density in the
heat addition region as the 100 by 50 grid so that differences in thrust
were not artificially induced by grid refinement effects. A .025 damping

coefficient was used in all cases.

A case with no heat addition was run first to simulate the fuel off
situation for which the experimental pressure distributions shoﬁed a
curious recompression to above ambient pressure. Shock-expansion theory
can be used in lieu of Euler analysis for the flight boundary case since
the flowfield is made up of simple regions. The thrust coefficient so
obtained is equal to the pressure coefficient following a 12° Prandtl-Meyer
turn which is -.4. Mach number contours and the wall pressure
distribution for the free-jet case appear in figure 4-43. The centered
expansion turns the free-jet boqndary toward the wall, and is reflected
back as a strong shock, resulting in a -.2 thrust coefficient. This shock
is evident in the fuel off schlieren image of figure 4-23 along with a
large separated zone. Although viscous and three-dimensional effects
would alter the flowfield somewhat, the 2-D inviscid result suggests that

the high ramp pressure with fuel off is induced by the free-jet boundary.

The effect of the free-jet boundary on the inviscid external burning
flowfield is summarized in figure 4-44 where the thrust coefficient for
both flight and free-jet boundaries are plotted versus equivalence ratio
along with control volume analysis results. The heat addition schedule of

table 4-2 was used in the Euler calculations, so as expected the 2-D real

-
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gas control volume curve lies near that of the Euler "flight boundary"
analysis. The 3-D real gas control volume result is also shown to depict
the magnitude of three-dimensional effects which are small for thrust
coefficients near zero. The free-jet boundary cases always remain nearer
to zero than the.corresponding flight boundary cases. For cases where the
flight thrust coefficient is less than iero, the free-jet boundary causes
an increase in thrust. Conversely, the free-jet boundary tends to reduce
thrust coefficients greater‘than zero. The curves cross at approximately
zero thrust so the effect of the free-jei boundary is always to reduce the
absolute value of non-zero thfust coefficients, and the magnitude of the
effect is proportional to the thrust level. This is an intuitive result
since for zero thrust coefficient the streamline deflection and hence
reflected disturbances are minimal. The reflected wave interactions are
seen in figures 4-45 through 4-47 where Mach number contours for flight
and free-jet cases are compared at three equivalence ratios. The minimum
equivafence ratio case in figure 4-45 has a flight thrust coefficient of -
.075 with an expansion propagating into the freestream. In the free-jet
case, this expansion turns the free-jet boundary inward slightly and is
reflected back as a compression which impinges on the subsonic plume. The
interaction between the plume and free-jet boundary continues downstream
resulting in.a net increase in thrust. At the higher equivalence ratios,
an initial compression is generated by burning, and the resulting
reflected expansion wave reduces the thrust. In the maximum equivalence
ratio case of figure 4-47, a pocket of subsonic flow appears downstream of
the strong shock generated by burning. The resulting reflected expansion

and subsequent interaction reduce the thrust coefficient from .223 to
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.078.  The rather pronounced effects shown above apply to a two-
'dimensional flowfield. - In the present experiment, three-dimensionality
will reduce the magnitude of this effect somewhat but not alter its

nature.

The free-jet boundary reduces the sensitivity of ramp forces to
equivalence ratio but does not prevent thrust coefficients greater than
zero. Therefore, while the free-jet boundary interaction may contribute

to the insensitivity of experimental results to equivalence ratio, it is

not the sole cause of persistent sub-zero thrust coefficients. The most .

serious effect noted is the wave interaction with fuel off which causes
artificially high force levels, making an assessment of the force

increment due to external burning in the experiment difficult.

The experimental arrangement including the plume boundary simulator is
thus considered to be free of serious facility interactions during
external burning runs since the thrust coefficents are near zero and free-
jet boundary interactions are minimal. The discrepancy between the
predicted and measured thrust coefficient is not completely attributable
to any of the postulated facility interference effects. Another
explénation for lower than brédicted performance is thai following initial
expansion at the flameholder and 12° turn, the pressure rise due to
combustion separates the boundary layer, precluding the recompression seen
in the Euler analysis at the sonic point. In an attempt to determine
whether or not the plume was indeed separated, a crude pitot tube was

attached to the water-cooled temperature probe. The small platinum tube

r



118

did not survive the extreme environment though, and provided no useful
data. Time limitations made construction of a more sophisticated probe

impossible.

Subsequent efforts were focused on initiating combustion further upstream
to reduce the initial expansion at the flameholder and 12° corner. To this
end, a number of different fuel injection and flameholding configurations
were tested. Results of these tests are presented in the following

sections.

Alternate Fuel Injection and Flameholding Confiqurations

In the subsequent discussion of alternate configurations, the plume
boundary simulator is always present. The "baseline" configuration to
which comparisons will be made is now configuration 2 which includes the
plume boundary simulator. Performance of this configuration was shown in

figures 4-39 through 4-41.

" The second expansion ramp pode] had a row of 56, .018" diameter fuel

injectors designed for zero drag at stoichoimetric conditions based on the
control volume method with an x/d' of 30 used iﬁ equation 4-3 for the jet
penetration. The design actually called for 58 evenly spaced injectors,
but the two outboard holes locations were very close to the edge of the
model and were not drilled. Except for the new fuel injection pattern,

this model was identical to the first. With the smaller orifices, the




119
distance from the injection plane to the'trailing edge of the flameholder
was 27.8 diameters as compared to 20 for the baseline configuration. Ramp
centerline pressure distributions for this configuration appear in figure
4-48a with fuel off, and with external burning at low, intermediate and
high equivalence ratios. Although the plume boundary simulator was
installed for this as well as all subsequent configurations, the plots
terminate at the trailing edge of the ramp in order to accentuate the
flameholder and initial expansion region. Pressure on the plume boundary
simulator itself quickly decayed to freestream static for all conditions
and configurations. As expected, the fuel off distribution is identical
to that of the baseline configuration with the plume boundary simulator
installed (figure 4-39a) since the ramp and flameholder geometries are
identical. The effect of the plume boundary simulator is obvious with
fuef off, causing a slight pressurization at the trailing edge. With
burning, the 56 injector configuration does not generate an appreciably
higher thrust than the baseline, in spite of the increased length
available for mixing upstream of the flameholder. Total temperature
profiles corresponding to the three external burning pressure
distributions appear in figure 4-48b. ~Compared to the baseline profiles
of figure 4-40, the 56 injector configuration profiles are slightly more
symmetric in shépe. Note that the equivalence ratios are different for
the 56 injector model, so a direct comparison of temperature level should

not be made.

The next variation tried was to move both the fuel injection and

flameholding upstream 1/2". This was accomplished by welding closed the
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existing 26 orifices on the baseline model, and re-drilling the identical
26 hole pattern, 1/2" upstream. The original, 1/8" by 1/4" rectangular
cross-section base]iné flameholder could not be mounted 1/2" upstream due
to interference of the attachment screws with the hydrogen plenum Just
beneath the surface. An alternate flameholder was constructed which used
smaller screws located further upstream, and provided the desired 1/8"
high step, 1/2" upstream of the 12° expansion. A photograph of this
configuration appears in figure 4-49. The new flameholder was constructed
of a 1/16" thick stainless steel plate, 3/8" wide with it’s trailing edge
bent up to 1/8" above the model surface. It should be noted that this
geometry probably results in different recirculation zone length than the

square baseline flameholder cross-section. Centerline pressure

_distributions for this configuration are shown in figure 4-50a. A more

severe compression is apparent at the leading edge since the fuel
injection plane is now 1/2" further upstream at 2". With fuel off, the
overexpansion at the corner is ]es§ severe than with the baseline
flameholder. During external burning however, the overexpansion is
slightly more severe, but quickly recompresses to freestream pressure,
resulting in slightly higher thrust than the baseline. Thrust
coefficients for all of the alternate configurations are compared in a
subsequent figure (4-55). A low equivalence ratio case was not obtained
since flame stability for this configuration was not as good as the
baseline, where the trailing edge of the f]aﬁeho]der was coincident with

the 12° expansion.

The persistence of sub-ambient pressure at the model knee during burning,
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" and the meager increase in thrust level indicates that heat release is not
being initiated at the flameholder, but further downstream nearer the 12°
turn similar to the baseline case. The reduced flame stability of this
configuration suggests that the recirculation zone length generated by the
1/8" high flameholder alone is probably only marginally sufficient to
initiate ignition, without a lengthening caused by the 12° expansion. The
flameholder and initial portion of the 12° corner provide a l;rger
effective flameholding region than the 1/8" high step itself. Total
temperature profiles for this configuration, shown in figure 4-50b are
somewhat flatter than those of the baseline configuration, exhibiting

higher temperatures nearer the wall.

The effect of simply moving the fuel injection plane and flameholder
upstream 1/2" thus has little effect on performance since the initiation
of heat release was probably qot moved forward with respect to the
expansion.  Before proceeding with a more sophisticated flameholder
scheme, an attempt was made to alleviate the expansion at the sharp model
leading edge caused by the detached shock, thereby reducing uncertainty in
the local conditions in the fuel injection and flameholding region. To
accomplish this, a 1" extension pictured in figure 4-51 was added to the
leading edge of the 26 injeétor model (the model is shown without a -
flameholder). The 5° sharp leading edge on this extension was to allow an
attached wave on the lower surface, resulting in clean Mach 1.26 flow on
the upper surface. The extension extends 1" into the free-jet, and was
instrumented with two static pressure taps on the centerline. The

extension into the free-jet is inconsequential given that the 1.26 exit
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plane Mach number exists further than 1" into the free-jet on the free-jet

axis.

The effect of this extension on fhe centerline pressure distributions
downstream of the flameholder is seen to.be almost negligible in figure 4-
52a where a direct'comparison with the base11ne configuration is made with
fuel off. The expansibn near station 0 (the baseline model leading edge)
is reduced somewhat, put abparent]y the model blockage still causes a
detached wave and resuitant upwash. Limited external burning data at 8
psia static pressure was taken with this configuration and the baseline
flameholder. Since the ]eadihg~edge extension has little effect, this
data may be compared to baseline configuration data in figure 4-52b and ¢
to show the effect of moving the injection plane forward from 20 to 40
orifice diameters upstream of the 12° corner. As was the case with the 56
injector model at 27.8 orifice diameters, negligible differences in

performance are noted.

The final configuration to be presented is pictured in figure 4-53, and
consisted of a 1/4" high 'serrated"~flameh01der mounted in the upstream
position with it’s trailing edge 1/2" upstream of the 12° expansion. This
flameholder was intended to promote fuel-air mixing, and create a longer
recirculation zone. To accomodate a Tonger recirculation zone, The 1/16"
thick plate seen in the photograph was added to the model, extending 3/4"
downstream of the 12° corner, vto provide more distance between the

flameholder and expansion in which to initiate ignition and heat release.
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The distance from the injection plane to the trailing edge of the plate is
70 orifice diameters. This configuration departs slightly from the
previous in that the extension plate covers the 12° expansion and forms a
short blunt base. Centerline pressure distributions for this
configuration appear in figure 4-54a. With fuel off, a low base pressure
in the region covered by the extension plate is appareni followed by the
recompression to slightly greater than freestream pressure. Combustion
increases the pressure in the separated region beneath the plate to
slightly less than ambient, and this pressure persists to the end of the
ramp. Again, it seems that heat release was initiated not at the serrated
flameholder, but in the recirculation region formed by the extension
plate. Total temperature profiles for this configuration appear in figure
4-54b and are similar in shape to those of the baseline configuration.
Again, the indication is that the flame was held in the recirculation
region downstream of the plate and not upstream at the serrated
flameholder. A number of other different combinations of the
flameholders, extensions, etc. discussed above were tried, but none
resulted in higher performance, and some exhibited very poor flame

stability.

Thrust coefficiénts for aIi ébur of the variations discussed above along
with the baseline are shown in figure 4-55. Only the 26 orifice upstream
injection with the upstream 1/8" flameholder seems to show a discernable
improvement in ramp surface force, but all are still below the control
volume predictions. Only a slight difference in predicted performance is

evident between the 26 and 56 injector configurations. This is to be
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'expected, since the inflow stream height ratios (Yo/¥y) given by equation

4-5 _dre similar (.197 and .182 for the 26 and 56 injector models
respecively), and for a given equivalence ratio, this is the only
parameter in the control volume analysis which would affect thrust. THe
56 injector model does however operate over a wider range of equivalence
ratios. The final configuration discussed (26 upstream injectors, 1/4"
serrated' flameholder) was subsequently run at elevated freestream
temperature, and also with upper sidewalls. Although neither of these two
variations resulted in an increase in thrust they are included for

completeness.

Results with Heated Freestream

Increasing the freestream total temperature has a number of effects. The
most desirable is the increase in hydrogen-air reaction rate whichvmay
allow ignition aﬁd heat release to occur further upstream. This reduction
in ignition delay comes at the expense of a Tower Reynold’s number, and a
higher freestream velocity, but these effects are small compared to the
exponential dependence of ignition delay on temperature (see the section
on scaling of small-scale test results and reference 62). Figure 4-56a
presents centerline pressure distributions at a free-jet total temperature
of 960°R with fuel off, and with external burning at low, intermediate, and
high equivalence ratios. The distributions are nearly identical to the
corresponding results at 540° in figure 4-54, which are at somewhat lower

equivalence ratios. Total temperature profiles appear in figure 4-56b and
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exhibit a higher maximum temperature as expected, but are similar in shape
to the cold results. Figure 4-56c shows the negligible effect of the
heated freestream on thrust coefficient. The control volume results show
a marked effect however since at increased freestream temperature, the

temperature ratio and thus the stream area ratio are reduced.

Effect of Upper Sidewalls

The control volume analysis, which has provided the impetus for attempting
to improve performance, has been done with a three-dimensional expansion
approximation. Even so, the possibility existed that lateral spillage was
preventing higher thrust coefficients. Thusfar, 1in all of the
conffgurations tested, the external burning plume has been confined on
only one surface. To approximate a more two-dimensional flow, upper
sidewalls pictured in figure 4-57 were used which extended 2" above the
ramp at the leading edge. The upper surface of the sidewalls was parallel
to the freestream, and the leading edges were ground to a 10° knife edge..
In the photograph, the original base]ing configuration appears without the
plume boundary simulator. The effect of these sidewalls with fuel off, as
shown in figure'4-58a is to prevent lateral inflow to the low pressure
regions, resulting in lower pressure over more of the ramp surface. The
fuel-off recompression, which as discussed previously is stfengthened by
free-jet boundary interference, occurs further downstream. With external
burning at the maximum equivalence ratio (figure 4-58b), the effect of the

sidewalls is very slight, resulting in a small increase in pressure. The
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effect is seen upstream to near the leading edge as the sidewalls contain
the injection disturbance. A comparison of total temperature profiles
with and without the upper sidewalls appears in figure 4-58c. The upper
sidewalls prevent transverse inflow of cooler air, resulting in a slightly
fuller profile near the wall. The effect of upper sidewalls on thrust

coefficient -is negligible as shown in figure 4-58d.

Expansion Ramp Flameholding

Flame stability data was taken during the expansion ramp tests in the same

~manner as in the spraybar tests described previous1y. Combustion was

stabilized at a given altitude condition, which results in a specific
value of the Dezubay parameter, then fuel pressure was reduced, lowering
the equivalence ratio until a flame-out occured. Points at which flame-
outs occurred are plotted in figure 4-59 along with the Dezubay pre-mixed
stability limit. The data appear to fall well outside the pre-mixed limit
in contrast to the spraybar results. The characteristic dimension used to
calculate the Dezubay parameter is subject to interpretation however,
given the more cdmp]ex geometry of the expansion ramp flameholding region.
For figure 4-59, twice the overall geometric height of aft-facing
flameholder area (denoted by H in appendix'D) was used in the Dezubay
parameter. Recall from the discussion on flameholder sizing that a step
is equivalent to one-half of an unconfined two-dimensional f]ﬁmeho]der.

There is no inherent reason that the expansion ramp flameholders should
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.allow stable ‘combustion at more severe conditions than the pre-mixed
limit. This is another indication that the 12° corner downstream of the
flameholders caused a lengthening of the recirculation region. The longer
recirculation zone corresponds to a larger effective flameholder height,
which would reduce the Dezubay parameter to more reasonable values near
the pre-mixed 1limit. The préceeding argument is consistent with the
premise that combustion was not initiated near the flameholders, but

further downstream allowing some initial overexpansion to occur.

Expansion Ramp_Performance Assessment

The control volume analysis of chapter II indicated that the performance
of external burning had the potential to be competitive with other forms
of airbreathing propulsion. The specific impulse measured experimentally
will now be compared to that predicted. The specific impulse in terms of
the change in axial force per unit fuel flow is difficult to assess
however, because of the aforementioned free-jet boundary interference with
fuel off. The free-jet boundary causes the thrust coefficient with fuel
off to be too high, which reduces the change in thrust coefficient due to
VeXterna] burnihg. Nonethe]éss, the thrust coefficient and specific
impulse as def{ned by equation 2-24 are shown in figure 4-60 for
configuration 10. Configuration 10 is representative of all others since
the results showed 1ittle dependence on geometry. In figure 4-60a, The
thrust coefficient is plotted vs. the correlated equivalence ratio to show

the change in axial force used to compute the specific impulse. The
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thrust coefficient predicted by the control volume analysis is also shown
for comparison. Two different fuel off force values will be considered.
First, as labelled in the figure, s the actual fuel off thrust
coefficient of -.097 obtained expérimentally in the same manner as the
burning values, by pressure-area summation. This value is known to be
affected by interference from the free-Jét'boundary, and is too high. The
other value to be considered is that of a Prandtl-Meyer expansion about
the 12° turn at Mach 1.26 which is -.4. This value is tgo low since in
actuality, transverse.flow and boundar& layer separation would tend to
relieve this low pressure. The "deltas” between these two fuel off values
and the thrust during external burning (which is considered to be less
affected by free-jet boundary. interference), represent the extremes
between which the proper answer lies. In figure 4-60b, the specific
impulse corresponding to these two extremes is shown along with the
control volume prediction which is based on the control volume thrust
coeffiéient values and the Prandt1-Meyer expansion. .The experimental
impulse based on the Prandtl-Meyer expansion falls short of the.control
volume prediction because of the Tower than predicted thrust coefficients.
The impulse computed in this manner which represents the upper limit,
peaks at about 4000. The other curve based on the measured fuel off
thrust shows much lower performance. This curve is the actual
experimentally determined impulse with no allowance for the free-jet
boundary interference, and represents the lower 1imit, peaking at 400 sec.
No means were available to determine the proper fuel off drag coefficient.
Even at the experimentally demonstrated lower 1imit of 400 seconds though,

the simple external burning system exhibits performance competitive with
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rocket propulsion. Other factors which must also be considered when
comparing external burn{ng to other propulsion augmentation options, are
it’s light weight and simplicity, as well as the beneficial normal or 1ift

force which would reduce wing loading and vehicle trim drag.
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CHAPTER V - SUMMARY AND CONCLUSIONS

This work represents the first comprehensive study of the application of
hydrogen external burning to transonic drag reduction. A control volume
technique and a two-dimensional Euler analysis were developed specifically
for the transonic conditions of interest. The Euler analysis revealed an
interaction between the burned and unburned streams which is peculiar to
the transonic inflow conditions. Experiments conducted in a Mach 1.26
free-jet advanced the understanding of transonic external burning in two
areas. First, the operational envelope of the concept was characterized
by extending the validity of an existing flame stability correlation to
non pre-mixed, transonic altitude conditions. Secondly, drag reduction
experiments on simple expansion ramp models provided external burning data

which was relatively free of facility interference.

An initial assessment of the performance potential of external burning was
made dsing the control volume approach. The analysis indicates that

transonic drag can be eliminated for a hydrogen fuel expenditure of .1 to

.2 pounds per second per square foot of aft-facing base area on a 1000

psfa trajectory. This fuel must be distributed, preferrably in
stoichiometric proportions in an air stream of height equal to roughly 10%
of the base height. The jet penetration afforded by normal, sonic
injection from the wall is sufficient to accomplish this, and an injector
size and spacing rationale was developed. Specific impulse performance

competitive with conventional airbreathing propulsion systems such as
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turbojets is indicated. The ratio of control volume outflow to inflow
velocity was shown to be nearly one at zero thrust (drag eliminated), and’
was weakly proportional to thrust coefficient for non-zero thrust. The
increase in sound speed caused by combustion thus drives the external

burning plume subsonic for all transonic conditions of interest.

The control volume study was supplemented by the two-dimensional Euler
analysis. Energy representative of hydrogen-air combustion was added in
various distributions, demonstrating that although wall pressure
distributions varied considerably, the thrust force generated was
independent of the heat addition distribution and depended only on the
total heat added. Good agreement between the control volume and Euler
analysis was obtained. An interesting feature of the external burning
flqwfield revealed by the Euler analysis, was a sharp compression in the
plume at the sonic line caused by the interaction of the subsonic,
elliptic region with the unheated still supersoﬁic outer flow. This
compression, which may separate the plume boundary layer is viewed as a

possible 1imiting factor in external burning performance.

Hydrogen-air flame stability was studied experimentally in a Mach 1.26
free-jet using a combination spraybar-flameholder to determine the
operational flight envelope of external burning. An existing combustion
stability correlating parameter developed for a pre-mixed, subsonic
hydrogen-air stream adequately correlated the non pre-mixed, supersonic
data. The maximum Mach number and altitude to which stable combustion can

be maintained depends on many variables including the flameholder size,
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and vehicle trajectory, but it can be concluded that combustion stability
will not prevent the successful application of external burning to
transonic drag reduction. Operation to Mach 2 on a 1000 psfa trajectory

appears feasible.

Infra-red 1mages of combustion during spraybar tests with differing
freestream temperature and pressure, but comparable Reynold’s number
indicate that the combustion process is not completely mixing 1imited, and
is influenced by the finite-rate reaction process. This result makes
scaling of small-scale test results tenuous, but it is reasoned that

results at reduced scale are conservative.

External burning expansion ramp tests were run in the same free-jet
facility to demonstrate drag reduction and provide data for comparison to
the analysis results. The expansion ramp models were related
geometrically to a sing]e-stage-to-orb%t vehicle base. Initial results
demonstrated a reduction in drag due to external burning, raising the ramp
thrust coefficient to nearly zero, but not to the level predicted by the
control volume analysis. The experimental thrust coefficient also showed
véry little sensitivity to the estimated equivalence ratio in contrast to
the contfo] volume results. Rémb pressure distributions showed an initial
overexpansion to somewhat less than freestrgam pressure, followed by a
flat distribution to the trailing edge. The desparity between measured
and predicted performance prompted an investigation into various facility
interference issues related to the subsonic external burning plume. No

interference mechanism was identified as being of sufficient magnitude to
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account for thé discrepancy. With fuel off however, wave reflections from
the free-jet boundary above the model result in an artificially high
thrust coefficient. This makes an assessment of the actual performance of
external burning in terms of the change in axial force due to burning

difficult.

Euler results in two dimensions indicate that the performance predictgd by
the control volume analysis is accompanied by a sharp recompression in the
heated stream at the sonic line. The lower than expected, and constant
nature of the thrust coefficient obtained experimentally is attributed to
this effect. It is surmised that the initial overexpansion to less than
freestream pressure was followed by boundary layer separation, precluding
a strong recompression and limiting performance to the level repeatedly

demonstrated.

Further experiments in which flameholding and fuel injection schemes were
varied in an attempt to reduce initial overexpansion by initiating
combustion further upstream resulted in no significant improvement in
performance. It is concluded that combustion could not be initiated in
close proximity to the re]afive]y small flameholders used because the
recirculétion zdne of the flameholders alone was of insufficient length.
A lengthening of the recirculation zone caused by the the 12° expansion is
what allowed stable combustion, but also resulted in the initial
overexpansion. The use of larger flameholders was not explored as the

height of the ones used was already a significant fraction of the fueled
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stream height. A further increase would lead to inconsistency with the
full scale system where the flameholder height necessary would be a

smaller fraction of the fueled stream height.

The specific impulse in terms of the change in axial force per unit fuel
flow actually deﬁonstrated in the experihent was computed despite the fact
that the fuel off thrust coefficient was known to be too high due to free-
Jet boundary interference; As a result the impulse values obtained are
conservative, and peakéd at 400 sec whiéh is competitive with a chemical
rocket. The impulse was also computed assuming a Prandt1-Meyer expansion
around the 12° corner with fuel off, resulting in a peak value of 4000 sec

which represents an upper limit..

Larger scale teﬁts would alleviéte many of the flameholding issues, and
should allow .somewhat higher performance, since combustion could be
initiated at the flameholding site and not downstream following an initial
overexpansion. However a factor which may limit the performance of
external burning in transonic flow is boundary layer separation due to the

compression at the sonic line observed in the Euler analysis.
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APPENDIX A - HYDROGEN-AIR EQUILIBRIUM CALCULATION

In the control volume analysis of chapter II, the gas at the outflow
station is assumed to be the products of hydrogen-air combustion in
equilibrium. The calculation procedure used to determine the composition

and adiabatic flame temperature is outlined be1ok.

The hydrogen air system considered is described by equation A-1. The

combustion products are assumed to consist of ten species.

1
H, + ?Es(cg + IN, + zAr) Egni [A-1]
i species

OH
NO
Ar

CLOLONAOALIAWN -
o

[

¢ is the fue1-afr equivalence fatio (the fuel-air ratio normalized by the
stoichiometric fuel-air ratio). The coefficients z and r are determined
by the composition of air which for the present study is assumed to be the
following:

78.12% N,

20.95% 0,
0.93% Ar
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This results in z=0.044391, and r=3.7289. At a given temperature and
pressure, ten equations are needed to solve for the ten unknown species
concentrations. Four equations result from atomic conservation. Written

in terms of species partial pressures, they are:

Dy _ 2Py, * 2Dyo * Py * Pow

= 2 A-2
N, 2Py, * Pyo * Po * Pwo * Pow ¢ [A-2]
-qu - 2poz +pnzo*po+pm+poy - -l [A-3]

nN szz + pﬂ + pm I

1, DPar 4
= = — A-4
n, 2Py, * Py * Ppo 2r [A-4]
P=$p, [A-5]
I=1

Six additional equations are obtained using equilibrium constants for the

following six dissociation reactions:

Py, = 2py _ [A-6]
Po, * 2P, : [A-7]
Py, = 2Dy [A-8]

Pro * 2Py *+ Do [A-9]




Poy ® Py * Po

2Dy ™ Po, + pu,
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[A-10]

[A-11]

Equilibrium constants which are functions of temperature relate the

partial pressures of reactants and products. at equilibrium for these

reactions, and furnish the remaining six equations needed to close the ten

species calculation:

o P8
[ o pﬂz
D
K, = ‘l%
Do
D,
K, = 'J%
Py
b,
KPA ZH -
Py Po
= _Pox
I%s Po Dy
Py

[A-12)

[A-13)
[A-14)
[A-15]
[A-16]

[A-17]
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The equilibrium constants are determined using the method given by
Prothero', who provides sixth-order curvefits for entropy (S) and enthalpy

(H). The free energy of a single chemical species is given by:
FJ = Hi - TSI : [A-18]

The free energy of reaction for each of the dissociation reactions given

by equations A-6 through A-11 is then:

AF, = ;xiF, [A-19]
-1

Where the x;’s are the coefficients of the dissociation reactions and are
negative for reactants and positive for products. Finally, the

equilibrium constant for a given reaction is given by:

Inx, = -2 [A-20]

Equations A¥2 through A-5 and A-12 through A-17 are ten non-linear
equations in ten unknowns, the solution of which is not trivial. The

method used is briefly outlined below.

An equation involving only the partial pressure of H, and 0, is obtained

in the following manner. First, equation A-5 is subtracted from A-3. The
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‘resulting equation is written in terms of the partial pressures of H,, 0,,

and N, using the equilibrium constant relations and equation A-4.

1 2
AN A A
z [A-21]

1+ 2.
Lz = 1%*(%*%)@@@:4%

Equation A-2 is written in terms of the H,, 0,, and N, partial pressures
in a similar manner, and then solved for the square root of the nitrogen

partial pressure.

VP, = W (2py, - 44p,, + J;—Jp_”z

L 20 e, G20, o R20K,
el VB, Ve v/_‘/_’

[A-22]

These two equations are then combined into a single relation involving

only the H, and 0, partial pressures. An initial guess is made for the H,
| partial pressure which results in two values for the 0, partial pressure
from equation A-21. One of these values results in negative partial
pressures upon back-substitution and is discarded. The sum of the partial
pressures is then checked against the specified total pressure and‘a new
value for the H, partial pressure is determined based on the error. The
jteration continues until equation A-5 is satisfied to within a given

tolerance.
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The preceeding method determines the equilibrium composition given the
temperature and pressure of the combustion products, and the fuel-air
ratio of the reactants. This routine is nested within the adiabatic flame
temperature procedure which ba]anéés the enthalpy of the equilibrium
products with the known enthalpy of the reactants by iterating the

temperature of the products.

To validate the preceeding méthodology, results were checked against those
of Wear® et. al. for hydrogen gas fuel an& dry air. Figure A-1 is a sample
comparison of the adiabatic fléme temperature computed using the present
method with Wear’s results for a reactant temperature of 300° K, and a
pressure of one atmosphere. Good agreement was obtained over the entire
range of pressures and fuel-air ratios of interest for the external

burning problem.
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APPENDIX B - EULER ANALYSIS TEST CASES

The following 2-D Euler test cases were run to verify that the program
would properly solve simple compressible flows prior to applying the
analysis to the more complex problem of external burning. Al11 of the test
cases were }un on 21 x 11 grids with uniform grid spacing. A 2-D Couraﬁt
number of 1/4 was used throughout. The absolute value of the change in
each of the U vector members (determined by the corrector step in the
MacCormack solver) was summed over the entire grid at each time step to

determine convergence.

10° Compression

Figure B-1 depicts the 10° compression test case along with the exact
solution. The grid used appears in figure B-2. Mach number contours at
three levels of artificial damping are presented in figure B-3. The case
with no damping (C,=0) exhibits strong pre-shock oscillations. As
expected, these oscillations are reduced by increased damping. Wall
pressure distributions for all three damping values appear in figure B-4

and are nearly coincident, all approaching the exact value.

0° Expansion
The 10° expansion test case and exact solution are outlined in figure B-5,
and the grid used is shown in figure B-6. Mach number contours appearing
in figure B-7 show only slight variation with damping. The effect of
damping on the wall pressure distributions is almost negligible as shown

in figure B-8. The downstream wall pressure is very close to but slightly
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under the exact value.

Rayleigh flow

The constant-area heat addition or Rayleigh flow test case is depicted in
figure B-9 along with the exact solution. A heat added per unit mass
(normalized by the square of freestream velocity) of .328 reduces the Mach
2.4 inflow to Mach 1.2. The grid, and the region of heat addition used
are shown in figure B-10. The heat was added uniformly over the shaded
region. Mach number contours for this case exhibited no transverse
gradients whatsoever, and so give no more information than the wall Mach
number distributions shown in figure B-11. The exit Mach number is
slightly under the exact value. This is consistent with the small errors
in total temperature and pressure at the outflow seen in figures B-12 and

13.

Agreement with exact solutions for all three types of problems is adequate
for the intended use of the analysis, which is to examine the features of
the external burning flowfield, and erra]l performance trends. A damping
coefficient of .025 is sufficient to damp non-physical oscillations, and °

does not adversely affect the accuracy of the solution.
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Figure B-1. 10° Compression test case
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Figure B-2.

Compression test case grid; 21 x 11 nodes.
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b) Cg=.025.

Figure B-3. 10° Compression test case results at various levels of
damping. Mach number contours (.05 contour increments).
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M=1.12

c) C4.05.
Figure B-3. Concluded
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Figure B-4. Wall pressure distributions for 10° compression test case at
various levels of damping.
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Figure B-5. 10° Expansion test case
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Figure B-7. 10° Expansion test case results at various levels of damping.
Mach number contours (.02 contour increments).
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Figure B-7. Concluded
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Figure B-8. Wall pressure distributions for 10° expansion test case at
various levels of damping. ‘
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Figure B-9. Rayleigh flow test case; d/(uo%/gc)-,328.
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Figure B-10. Rayleigh flow test case grid and heat addition region; 21 x
11 nodes.
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Figure B-11. Mach number distributions for Rayleigh flow test case at
various levels of artificial damping.
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Figure B-12. Total temperature distributions for Rayleigh flow test case
at various levels of artificial damping.
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Figure B-13. Pressure distributions for Rayleigh flow test case at
various levels of artificial damping.
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APPENDIX C - WATER-COOLED TOTAL TEMPERATURE PROBE DATA REDUCTION

The water-cooled total temperature probe used was based on an existing
*bare wire in crossflow” design'. To withstand expected temperatures
greater than 4000° Rankine, an iridium-40% rhodium vs. iridium thermocouple
pair was used. The cost of these precious metals made it necessary to
splice the uireg with copper wire a short distance away from the sensor
within the water jacket. This splice creates a variable temperature
reference junction which must be independently measured. The temperature
of this reference junction was measured with a standard Type T" (copper-
constantan) thermocouple. Figure C-1 depicts schematically the
thermocouple circuit. Tables of voltage (electromotive force or emf) from
the wire manufacturer were based on a 0°C reference junction, and so the
following procedure was required to infer the indicated gas total
temperature from the measured emf. The emf measured is the emf induced at
the Ir40%Rh vs. Ir pair minus the emf induced at the reference junction

due to the copper splice:

emf e, = €mfy - emfy

[C-1]
Adding and subtracting the emf for a 0° reference Junction-results.in the
following equation:

emfy,.. = (emfy, - emfooc) - (emf,., o ~ €MLgoc) [C-2]

The last term in equation C-2 represents the emf generated by an Ir40%Rh
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vs. Ir pair with a 0°C reference, so the tables can be entered at the
measured reference temperature to obtain this value. This emf is then

added to that measured to obtain the emf based on a 0°C reference:

emf; - emfo. = emf,,, + (emfy,,, - emfooq) [C-3)]

This then is the emf used to obtain the indicated gas temperature from the
tables.‘ The indicated temperature must then be corrected for conduction,
recovery, and radiation losses. The bare-wire in crossflow design
afforded a wire length to diameter ratio of approximately 15 which makes

a conduction correction unnecessary.

Recovery correction

The recovery correction is a function of Mach number, and compensates for
the fact that the entire thefmocoup]e Junction is not immersed in the
total temperature of the flow. The recovery correction used is a function
of Mach number and pressure and was taken directly from reference 1. The
correction is sma]], being a maximum of about 3% for subsonic Mach
numbers. The effect of préssure on this factor is negligible for the
bare-wire in crossflow desién. The Mach number at the probe was not
measured, and so was estimated in the following manner, using the fact

that the external burning process occurs at nearly constant velocity.

The gas composition at the probe was inferred by assuming that the

indicated probe temperature was equal to the adiabatic flame temperature
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of a fuel-lean hydrogen-air mixture at one atmosphere. The composition of
these combustion products along with the indicated temperature was used to
compute a sound speed. The ratio of freestream velocity to this sound
speed was then used as the estimated Mach number at the probe. For Tow
probe temperatures where the est{mated probe Mach number was supersonic,

the recovery correction curve was extrapolated.

The preceeding methodology accounts for the variation of recovery
correction with Mach number only approximately, but is sufficient given
the magnitude of the correction, and the preliminary nature of the

experiments.

Radiation correction

The radiation correction used is that presented by Glawe? et. al. For

unshielded probes, the equation used reduces to the following:

K T 3.82 ’
AT =T _L(__i) C"4] .
rad 1 \/m To [
Where AT..4 correction in deg. K -
K..g radiation correction coefficient
M stream Mach number
P stream static pressure in atmospheres

Po reference pressure of 1 atmosphere
T; probe indicated temperature in deg. K
To reference temperature (555%)

The stream Mach number computed for the recovery correction was used, and
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the pressure was taken as the free-jet exit pressure. An experimentally
determined relation for K. in terms of wire diameter is given for
unshielded probes, and yields a value of 2 for the .032" dia. wire used.
This value of K 4 re.su'ltgdv in corrected temperatures which were in excess
of that theoretically possible for hydrogen and air. The K.oq Yelation was
based on data which for a number of reasons may not be strictly applicable
to the present situation. First, it was obtained in natural gas
combustion products at a maximum temperature of 2550°R. Also, type "K"
thermocouples were used which would have a different emmittance than the
Iridium-Rhodium wire. For these reasons, it was deemed appropriate to
adjust the value of K., to .4 such that the theoretical maximum

equilibrium temperature for hydrogen and air at one atmosphere would not

be exceeded.

The maximum radiation corrections resulting were only 6% of the corrected
temperature, so again the approximations used would not lead to large
error in the final measurement. Obviously, more accurate measure&ents
could have been obtained by calibrating the probe at the conditions of
interest, but the nature of the test objectives did not warrant this extra

effort.
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APPENDIX D - EXPANSION RAMP FUEL INJECTOR AND FLAMEHOLDER CONFIGURATIONS
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=0 56, .018* DIA (CONFIGURATION 3)

X=2.5)

Figure D-1. Configurations 1,2 and 3 (flameholder "A").

1.25°

Figure D-2. Configuration 4 (flameholder "B").
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Figure D-4. Configuration 6 (flameholder "D").
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Figure D-5. Configuration 7 (flameholder "E").
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Figure D-6. Configuration 8 (flameholder "A").
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Figure D-8. Configurations 10 and 11 (Flameholder "G").
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HEAT . DELTA  CONTROL

ADDITION ‘ DAMPING THRUST THRUST VOLUME
DISTRIBUTION COEFF COEFF COEFF  RESULT
CASE M, AXIAL/TRANSVERSE GRID Cq C, AC, AC, o

1 1.4 CONST/CONST 80 x 40 .025 .028 .416 .420

2 GAUSS/CONST . . 028  .416 "
-~\~\\\§\\\\- GAUSS,/PARBL . " .030  .418 .
4 ° GAUSS/CONST " 0125 .034  .422 .
2 v " " " 025  .028  .416 .
5 " " " .05 029 .417 "
6 " " 50 x 25 .025 .036  .424 "
2 o " " 80 x 40 " 028  .416 "
7 " " 100 x 50 " 026  .414 "
8 1.2 " " 80 x40 " .008  .519  .537.
2 1.4 " " " " 028  .416  .420
9 1.6 " " " " 031 .342  .349
10 2.0 " " " " 027  .284 257
11 2.4 " . " " .025  .189 .20l

Table 3-1. Summary of Euler Analysis Runs.
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CONTROL

VOLUME EULER
CORR  REDUCED NORM  INFLOW THRUST THRUST
EQUIV EQUIV  HEAT STREAM  COEFF, COEFF,
RATIO, RATIO, ADDED, HEIGHT, C, o s uler
Scorr  Peuter  Quor  Yo/¥p - (3-D)  (2-D) (FLIGHT)(FREEJET)
.0 0 0 N 3 NA  -.401 -.195
248 .230  5.42 .197 -.055 ~-.070 -.075 -.034
.452 400  9.42 .197  .023 .033  .035  .004
.662  .560 13.19 .197  .071  .l101  .111  .033
941  .740  17.43 .197  .110 .l164  .190  .063
1.379 - .840. 19.78 .197  .127  .192 .223  .078

Table 4-2. Results of freejet and fl1ight boundary Euler calculations with
comparison to control volume results.
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Figure 1-1. Artists conception of a single-stage-to-orbit vehicle.
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b) Over-expanded at transonic conditions.

Figure 1-2. Single expansion ramp nozzle design and operation.
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Figure 1-3. Cowl flap deflection to prevent internal over-expansion.
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Figure 1-4. Externa1 burning concegf app11ed to single expansion ramp
nozzle.
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Figure 2-2. Results at zero drag along a Q,=1000 psfa trajectory.
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Case 1 heat addition distribution and streamlines.

Figure 3-3.
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a) Heat addition contours and streamlines.
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b) Gaussian axial heat éddition distribution function.

Figure 3-4. Case 2 heat addition distribution, Gaussian in axial
direction, constant in transverse.
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Figure 3-6. Euler results for case 1 heat addition; M,=1.4
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Figure 3-10. Effect of artificial damping on Euler results. ﬁach

number contours (.05 contour increment); M,=1.4, 80 x 40 grid, case 2
heat addition.
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Figure 3-11. Effect of grid refinement on Euler results. Mach number
contours (.05 contour increment); M,=1.4, C,=.025, case 2 heat addition.
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(.05 contour increment); 80 x 40 grid, C,~.025, case 2 heat addition.
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Figure 3-14. Wall Mach number distributions at various freestream Mach
numbers; 80 x 40 grid, C,=.025, case 2 heat addition.
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Figure 3-15. Wall pressure distributions at various freestream Mach
numbers; 80 x 40 grid, C4=.025, case 2 heat addition.
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stream (reproduced from reference 57).
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Figure 4-4. Non pre-mixed, and supersonic stability limits from
reference 59 in terms of Dezubay parameter.
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Figure 4-5. Propulsion Systems Lab Cell 4 after hypersonic
modifications (reproduced from reference 60).
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Figure 4-6. Spraybar mounted in free-jet with spark ignitor and water-
cooled probe in extended positions.
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b) On design, p,/p,=1.0.

Figure 4-10. Schlieren images at various free-jet exit pressure ratios;
Py (free-jet exit pressure) held constant at 8 psia.
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c) Under-expanded, Po/P,=1.2.
Figure 4-10. Concluded.
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a) Infra-red image; p,=250 psia, ypxl.O", ¢ww"63'
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b) Infra-red image; p,=350 psia, yp=l.2”, ¢WG=

Figure 4-14. Plume characteristics at nominal temperature and pressure;
Tt,0=5400R’ p0=6 psia’ Re=4-9X106/ft, .
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Figure 4-14. Concluded.
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Figure 4-15. Plume characteristics at increased temperature and

pressure; T, ;=960°R, p,=12 psia, Re=4.9x10%/ft.
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Figure 4-16. Re1étion of expansion ramp models to vehicle base.
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Figure 4-18. Expansion ramp mounted in free-jet.
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Figure 4-20. Fuel-off static pressure distributions; configuration 1.
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Figure 4-22. Effect of external burning on centerline static pressure
distributions; configuration 1.
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Figure 4-23. Schlieren images of external burning (configuration 10).
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b) Low equivalence ratio; P¢=250 psia, p,=12 psia (¢pxs=.56, Yp=-25").
Figure 4-23. Continued.
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c) High equivalence ratio; P¢=375 psia, py=4 psia (¢pxs=1.24, Yp=-51").
Figure 4-23. Concluded.
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a) Low equivalence ratio; p¢=200 psia, p,=12 psia (¢pw=.51, yp-.ZZ').

c) High equivalence ratio, P¢=375 psia, py=4 psia (¢mm=1.24, Yp=-51").

Figure 4-25. Infra-red images of external burning; configuration 1.



230

FUEL INJECTION CONFIGURATION

O 26INJ.(1.2)
O 56INJ. (3,4,56)
) 26INJ. UPSTREAM (7.89.10,11)

S000 B

4000

3000 | § H,-AIR EQUILIBRIUM

AT ONE ATMOSPHERE
O

2000 |-

1000 |- =

PLUME TOT. TEMP., T,q, (degR)

0 1 [ ! | J
0.0 0.4 0.8 1.2 1.6 2.0
ESTIMATED EQUIVALENCE RATIO, ®pxs

a) _Equivalence ratio based on penetration times spacing method with
x/d =30. ‘
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Figure 4-29. PSL-4 Facility exhaust collector layout.
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Figure 4-33. Plume boundary simulator installation; configuration 2.



238

NORMALIZED g

NON-DIMENSIONAL DISTANCE

Figure 4-34. Gaussian axial heat addition distribution function.
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b) Freestream boundary, 100 x 70 nodes.

2-D Euler grids used to validate use of plume boundary
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a) Solid wall boundary.

b) Freestream boundary.

Figure 4-36. Comparison of streamlines, total heat added corresponds to
Beore™-45, Yo/Yp=.20.
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DENOTE SUBSONIC FLOW

b) Freestream boundary.

Figure 4-37. Comparison of Mach number contours (.05 contour
increment). Total heat added corresponds to ¢, =.45, yo/¥,=.20.
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Figure 4-38. Comparison of wall pressure distributions, total heat
added corresponds to ¢,.,..=.45, y,/y,=.20.
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Figure 4-39. Effect of plume boundary simulator on centerline pressure
distributions.
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Figure 4-39. Concluded.
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Figure 4-40. Total temperature profiles with plume boundary simulator
installed; configuration 2.
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Figure 4-41. Effect of plume boundary simulator on thrust coefficient.
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Figure 4-42. Grid used to evaluate effects of free-jet boundary (100 x

80 nodes).
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a) Mach number contours (.05 contour increment).
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b) Wall pressure distribution.

Figure 4-43. Fuel-off Euler results with free-jet boundary.
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Figure 4-44. Effect of free-jet boundary on calculated external burning
thrust coefficient.
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SHADED REGIONS
DENOTE SUBSONIC FLOW

a) Flight boundary.

SHADED REGIONS
DENOTE SUBSONIC FLOW

b) Freé-Jet boundary.

Figure 4-45. Comparison of Mach number contours at low heat addition
corresponding to ¢ . =.25, y,/y,=.20.
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SHADED REGIONS
DENOTE SUBSONIC FLOW

a) Flight boundary.

SHADED REGIONS
DENOTE SUBSONIC FLOW
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b) Free-jet boundary.

Figure 4-46. Comparison of Mach number contours at low heat addition
corresponding to ¢...=.66, yo/y,=.20.
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SHADED REGIONS
DENOTE SUBSONIC FLOW

a) Flight boundary.

SHADED REGIONS
DENOTE SUBSONIC FLOW

b) Free-jet boundary.

Figure 4-47. Comparison of Mach number contours at high heat addition
corresponding to ¢.,..=1.38, y,/y,=.20.
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Figure 4-48. Results for 56 injector model; configuration 3.
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Figure 4-48. Concluded.
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Figure 4-49. 26 injector model with upstream injection and
flameholding; configuration 7.
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a) Centerline pressure distributions.

Figure 4-50. Results with upstream injection and flameholding;
configuration 7
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Figure 4-51. 26 injector model with leading edge extension installed
(flameholder not installed).
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Figure 4-52. Effect of leading edge extension and upstream injection
(configurations 2 and 8).
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Figure 4-52. Concluded.
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1/4" serrated flameholder; configuration 10.

Figure 4-53.
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Figure 4-54. Results with 1/4" serrated flameholder; configuration 10.
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Figure 4-55. Thrust coefficient comparison for alternate

configurations.
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Figure 4-57. Upper sidewall installation (baseline flameholder shown).
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Figure 4-58. Effect of upper sidewalls on configuration 10 performance.
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Figure 4-59. Expansion ramp flameholding, all flameholder
configurations.
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